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ABSTRACT

A physical explanation ig given of the two types of flov separation

classified herein ss boundary layer separation and breakaway separs-
tion. A short discussion of the fluid dynamic complexity of the

problem is presented,

Such characteristics of separated flows as the

pertinent descriptive parameters, state of flow, length of separated

region, compression process, flowv steadiness, and three-~dimensional

effects are discussed.

The effects of flov separation on the prese

sure, skin friction and heat transfer distribution are described, and

e reviev of semi-empirical methods for calculating the critical over-

all pressure rise, the geometry of the separated region, and the heat

transfer at reattachment is presented.
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DEFINITION

Skin friction coefficient
Pressure coefficient
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Pressure difference
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Reattachment poigt
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Unit Reynolds number
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Temperature
Onset of transition

Coordinate parallel to surface and flov directioneeececese
Coordinate perpendicular to surf: e
Coordinate parallel to surface and perpendicular to

flov direction

Flow deflection angle
Ratio of specific heats~-

Boundary layer thickness

Boundary layer displacement thickness
Mixing or free shear layer thicknese

Wall deflection angle

& Non-dimensional

N.D.
BTU/ftz-sec-°R
Inches
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Lb/in
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Mt /sec
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2
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DeNSity-neensmcecesmmsmsccomos cocacemeeocmmsecsmmmmene Lb /43
Shear stress------ceccecccccccccancccneccccccncncccccnn- - Lb/in2
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SUBSCRIPTS

Final

Just prior to pressure rise

Wall conditions

Conditions at edge of boundary layer
Plateau vealue

Criticel value
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Total conditions
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FLOW SEPARATION IN HIGH SPEED FLIGHT

1. INTRODUCTION

Flow separation is & phenomenon which has hindered or limited the de-

velopment of many devices which depend upon the dynamics of fluids
for successful cperation. This problem has been particularly signif-
icant to the aircraft and aerospace industries. In low speed flight
the principal effect of flow separation is to cause drastic changes
in vehicle flight characteristics, due to the sudden modification of
the pressure distribution. High speed supersonic flight has posed
certain new problems associated with separation. Rot only does the
possibility of undesirable shifts in serodynamic loading exist, but
large local increases in aserodynamic heating have been noted in re-
glons of flow reattachment. In addition, self induced fluctuations

in pressure due to unstable flow may occur.

This report is the result of an effort to review the present state of
the art concerning the effects of flow separation on both the general
flow field structure and on serodynemic heating. However, before con-
sidering these specific areas, it is helpful, if nct necessary, to un-
derstand certain basic characteristics of separated flows. First, a
qualitative description of the flov in separated regions is given and
the influences of certein parameters are discussed. Secondly, those
aspects of the flow thought to be critical specificelly to the probdblem
of aerodynamic heating are defined. The present discussion is appro-
priately limited to the case of high speed (supersonic and hypersonic)
flcw, since most critical problems are limited to this regime.

The plsn of this report is as follows. First, in section 2, the condi-
tiones under which a fiow may separate end the sequence of events lead-
ing to separation are defined in terms of fundamental flow properties,
such as the distribution of momentum in the boundary layer, pressure
gradients, and wall shear. The discussion is extended to briefly cov-
er pertinent analytical ideas. Next, the general physical characteris-
tics of separated flows are outlined in section 3. These introductory




concepts lay the groundwork for the major discussion which is
divided into three parts, nemely: (1) pressure distribution,
vhich 18 interrelated witli the cverall geometry of the separa-
ted flow region, in section &4; (2) skin friction, in section
5; and (3) hest transfer distribution, in section 6. A sum-
mary of the important features of separated flows and conclu-

sive remarxzs are made in section 7.




2. FLOW SEPARATION PHENOMENON

We may define two broad classes of conditions under wvhich flov sespara-

tion may be initiated, The first cless is associuted with the separa-~
tion of a boundary layer flowing egainst an adverse pressure gradieat,
This cas~ has been studied in some detail and the conditions necessary
for its occurrence are fairly well understood, at least for two-dimen=-
sional and axisymmetric configurations. This case shall te termed,

for the purposes of the present discussion, "bcundary layer separation”.
The gsecond class of separation i3 associated with flows past bluff bod-
ies and sharp convex corners, Here, the flow may separate even though
the streamwise pressure gradient is favorable., This flow shall be
called "breaksway separation". Less 1s understood sbout the mechanism
underlying this latter type of flow; however, it is an important prob-
lem since it may occur with conventional aerédynamic shapes, Because
of the somewhat different conditions giving rise to these two classes

of flows they will be discussed independently.

2.1 Boundary layer Separation

Separation of a two-dimensional boundary layer hes been studied ever
since it was first explained by Prandtll. in 1904, At present, the

underlying principles of the phenomena may be s-apposed known., On the
other hand, it is only quite recently that general three-dimensionel
separation has been seriously investigated. Much less is known about

the criterion necessary for its occurrence,

2.1.1 Twvo-Dimensional Separation

2.1.1.1 Tvo-Dimensional Separation ~ Physical Phenomensa

If ve consider the two~dimensional flov of a viscous fluid over a body,
the fluid near the surface {the boundary layer) is retarded owing to

skin friction effects. The velocity of the fluid in the boundary layer
veries from zero at the wall to approximately the inviscid value at the

outer edge. If no other forces are acting to further retard this flow,

® Superscripts denote references listed in Section 8.
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lustrated in figure l-a., However, if in addition to wall shear,

the flow encounters an upstream directed force, the flow is further
{mpeded., If the kinetic energy of the fluid is continuously deple=
ted doing work against this force, the flux of cncoming fluid momen-
tun will eventually be balanced by the force and the flow will be
brought to rest. This balancing condition will be experienced first
by the very lcw momentum fluid within the boundary layer and nearest
the.vall. Downstream of this region the acting force will cause the
fluid neaxr the wall to flow in the upstream direction, creating a
backflow., The original oncoming boundary layer will then separate
vhere the forward and backward moving flows meet.

The normal velocity gradient at the wall,{%%)w , must be positive when
the fluid next to the wall moves with the stream and negative when the
fluid in this region flows against the stream, It follows that where

the two flows meet Q%) = 0 ; consequently, the wall shear stress,
w
L= au s 8lso vanishes. This point on the wall which divides
v ay/w

these two regions of flow, point S in figure l-b, is defined as the
separation point,

In most fluid dynamic situations, the force giving rise to separation
is an adverse pressure gradient, i.e., the pressure is increasing in
the downstream direction. The remainder of this report shall deal
specifically with this most common case., However, it should be kept
in mind that any force field, for example that created by the inter
action of a mcving, conducting fluid in an electromagnetic fielde.

could give rise to the phenomenon of separation,

In a supersonic flow, an adverse pressure gradient may be generated
by the aerodynamic shape of the body, for example a compression core
ner, or by an external source such as an impinging shock wave., In
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€ach case,
shock vave. Since in a supersonic flow the body moves fester than
the pressuresaisturbancé it creatzs, the disturbance cannot propa-
gate upstream of tﬁe body. The shock wave, which is the front of
the pressu}e rise, is the forward boundary of that region of fluid
influenced by the body. Ideally, then, the shock wave represents a
discontinuous rise in pressure. However, in any real process a

true discontinuity cannot be sustained, and experience shows that

in the region of a shock wave, very steep pressure gresdients exist,
i.e. the rise in pressure takes place over e very short distance.

If the shock wave extended throughout the entire flow field, sepa-
ration would be very localized sinéé the adverse pressure gradient
would exist only cver & very narrow region (the thickness of the
shock wave front). Unfortunately, this is not the case. There is
always a region in that part of the boundary layer nearest the wall
vhere the flow is subsonic. 1In thié'region, pressure waves will
propagate up2tream of the disturbﬁnce (thus eliminating the forma-
tion of a shock wave) because these disturbances are moving faster
than the fluid. This allows the pressure gradient to spread over a
much longer distance in the low momentum portion of the boundary lay-
er. Experiments have shown that such disturbances may be propegated
sizeable distances upstream, of the order of 10 to 100 boundary lay-
er thicknesses.3 In addition to this streamwise pressure gredient,
& normal pressure gradient will alsc exist since the supersonic flow
field outside of the toundary layer and ahead of the shock wave pare-
sists at a lower pressure. The process by which this predsure field
is established through the subsonic portion of the boundary layer is
called "pressure diffucicn”. )

If separation occurs, the streamlines in the externsl flow will be
deflected. For the case of a compression corner, illusiraied in
figure 2, the effect of separation is to alter the flow geometry

such that the supersonic flow will be compressed in two stages through

R —
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two weaker shocx waves instecad G one stronge shock weve,* The
pressure rise in the inviscid flow field is identical :o that ex-
perienced by the boundary layer. Sincc separation reduces the ini-
tial pressure rise beceuse the initial deTlection o: the ‘nviscid
flow becomes smelicr, 21d since the mechanism of separation (s
boundary layer phenomenon) is depwndent upon the marmitud: o 1h's
yressure rise, it can be seen tha: the external inviscid low and
the viscous separated {low arc interi=2pendent ‘hroush & pressure
interaction. An equilibrium between the two Tlow filelds determin-:

the final nature of the flow.

Separated flows i'requenily reattach on the body, figure 2. At re-
attachment, the supersonic flow is compressed to its final value,
i.e., that value corresponding to ‘he local slope of the body at.
that point. That fluid with sufficienl momentum to proceed agains*
the reattachment pressure rise continues downstreem after reattach-
ment, while that.héving insufficient momentum is reversed beck into
the separated region. The nature of the pressure rise and local

flow at both seperation and reattachment are shown in figure 3.

In 8 steady flow, the dividing streemline at separati 1 must also

be the dividing streamline at reattachment. If this were not so,
continuity conditicns could not be satisfied, i.e., {luid would
either be continuously injected into or continuously removed from
the cavity region. Thus, ideally the fluid in the separation cavity
is a constant mass merely being circulated. The viscous fluid layer
outside the dividing streamline behaves much the same as a continuance
of the original boundary layer. At the dividing streamline, howcver,
the velocity does not g. to zero as it would at & solid wall, cincc
momentum is transferred¢ (by the mechanism of viscous shear) from the
exteraal stream through the outer v!scous luyer into the inner vis-
cous region (separated region). It is this continuous transfer of

momentun which sustains the motion of the entralned fluid.

~

# The terminology of “"weakcr ' and ‘sironger” used here refers to the
strength of the pressurc rise across the wave. It is not to be con-
fused with the terminclegy used to differentiaste between the two
solutions of the invis-id flow expression relating freesiream Mach
number, flow deflection angle, and shock wave angle.
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The foregoing erguments apply, ét least in princivple, whether the
boundary layer {s larinar or turbulent. The major.di{rerence is
that turbulent flows &re not truly stendy. Therefere, as {s cus-
tomary, time avermge quantities rany be applied to desgiibe the
flow. For example, in turbulent flow, consi{durable mrngs exchange
may take place between the separatior regiorn snd the externanl vis-
cous flow. This theoretically fnvalidntes ‘he existence o7 a
physical dividing streamline. However, the ret {ire average mass

exchange must gtill be zero for equilibritm conditions.

In summary, 1€ a flow encouniera r sufficieqt sdvni < pressure rise
to bring the lov monentum fluid In tnc bevmdary layer to rest end
establish s reglon of brck flow downstronr o this point, the on-
coming boundary layer wi{ll separate. The cnse' of separstion will
dellect the externel stream,charging the flow geomeiry and, hence,
the pressurc distribution. Since the pressure distribution in the
external stream, In turn, affec's the locetion of separation, the
two flows (external inviscld stream and viscous flow region) inter-
act until an eguilibrium state is reached. The dividing streamline
separating the externnl stream from the separated region may be
thought of as the new effective body shape sensed by the supersonie
flow. The outer edge of the tiscous flow region displays velocity
profiles very similar to those for an attached boundary leyer. How-
ever, profile characteristi{cs change markedly in the innermost por-
tion of the viscous flow reglion (the scparation region) where
velocities are further reduced, velocity gradients are ocmall, and a
region of reverse flow exlisis. Oeparated flows mny reattach., At
reattachment some boundary lay~r of finfte thichue~r existe am

tends to dsvelop {n a normal man er dawnns® veonm,

———

Serious analytical difficult’' n o npoyneersd i tronting the probe

lem of separaled bovndary layn . feurrally opeaiing, the boundary
layer equations are valid only for attached “icen. In the vicinity
of scparation, two of the essumplions crf{tical to thelr development

are no lo:ager valid:

—rn



a. Near separation, significant pressure gradients exist in

the direction normal to the local surface.

b. Downstream of separation, the thickness of the viscous flow
region increases significantly, hence, the boundary layer
thickness (1 1luding the separater region) may no longer be
negligible compared to a representative body dimension.

In piinciple, then, separated flow requires the re-examination of the
complete and very complex equations of viscous fluid motion (the
Navier-Stokes equations) to determire if any simplifying assumptions
can be made. Unfortunately, the flow geometries and boundary condi-
tions of separated end reattaching flows are so complicated that no
generalized simplifications have been found. Hence, at least for the
present, an exact solution of the problem does not seem feasible.

Several attempts have been made to develop approximate analytical
solutions to the problem of separation; (references 4, 5, 6, 7, 8, and
9) however, progress has been slow and limited primarily to laminar
flows.9 Of these attempts, the more elaborate method of Lees and

Reeves” appears to be the most general and promising. This methud con-
sists of an approximate solution to the momentum boundary layer equa-
tion, and in many respects is similar to methods developed for attached
flows.lo’ll Separatea flows, however, differ basically from attached
flows in that they have a strong pressure interaction with the external
flow and that the velocity profiles display a region of reversed flow.
Therefore, specific correlation parameters which have been used for
attached flov solutions wvhich assume that the velocity profile is a
function only of the streamwise pressure gradient éﬁtside of the bound-
sry layer are not directly applicable to the present case. The epproach
taken is to seek & simultaneous solution to the zeroth and first moments
of the boundary leyer momentum equation, i.e., the momentum integral e&nd

energy integral boundary layer equation. Using this technique, the

n




L¥;

momentum equation itself need not be satlisfied at the surface. Thus,
rpore restrictive parameters used in the stiached flow solutions may

be replaced by a velocity profile paremeter which is related t¢ the

shear stress at the wall. This latter dependency posesses & signiii-
cant physical meaning for the provlem cf separated flows. The method
is capeble of producing veiocity profiles with reversed flow even for
the limiting case of zero free stream velocity gradient. The effects

of heat transfer are included in the analysis.

2.1.2 Three-Dimensicnal Separaiion

Thus far, the concepts discussed have spplied primarily to two-dimen-
sional flows. No serious qualitative complication is introduced in
the consideration of boundary layer separation in axially symmeiric
flows. 1Instead of the locus of points describing separation from the
surface being a line, it is now a circle around the body perpendicular
10 its axis of symmetry.

For general three-dimensionel flows, the problem cf boundary layer
seprration is much mere complex and remains relatively unanalyzed.
Much of the significant work to dste is reported in references 12
through 18. The principal difference between two-dimensionsal and
general three-dimensional flows msy be deccribed &s follows. In @
two-dimensionsl flow, the fluid in the boundary layer {s generally
fcreced into the external flow if the pressure gradient {s sufficiently
strong, thus causing separation from the wall; however, in three-
dimensional ceses, tue fluid particles can escape sideways along the
wail. Hence, the definition of separation is beset with considersble
complexity. Maske1113 suggesls that the probler be viewed from the
standpoint of limiting streamlines, i.e., the streamlines of fluid
particles that pass infinitely close to the surface. If separstion
exists, iwo distinct sets of limiting streenlines lie on the surfece,
one representing forward flow and the ¢ e, r2versed flow. The locus
of separation points is then the biundary between these two sete of
limiting streamlines an¢ the flow field is divided into twe -egions

by a stream surface starting at the body, as illustreted in figure 4.
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2.2 Breakawsy Separation

In certaln instances, the flov may separate even though the inviscid
streamwise pressure gredient is favorable. This type of flow we have
already defined es breskaway separastion. Some examples are iliustra-
ted in figure 5.
In the inviscid sense, breakavway scparstion in a supersonic flow may
be related to the maximum turning angle for the flo:, i{.e., that gn-
gle through which the flow becomes completely expanded. Ideally, =n
evacuated region results when the geometric aAnple exceeds this value.

At low supersonic Mach numbers the meximum turning snzle is guite
large, e.g., for a two-dimensional flow using the P:andtl-Meyer
(1sentropic expansion) criteria, ©ax © 130.4° for M = 1. However,

as Mach number increases, this maximum angle decreases quite rapidly;
at M=10,0 = 28.2° and at M = 20, CI 14.3°. This simple mod-
el becomes much more complicated when entropy iasyers from upstream
shock detachment and thick boundary layers create s region of low Mach
number flow near the corner.19 The inviscid evacuated cavity now be-
comes a viscous separated region, fed by the low energy fluid from the
boundery layer. Of equal importance is the pressure rise due to down-
stream recompressiona.o’21 This pressure rise will contribute to the
reversal of flow beck into the separated regicn whicﬁ, in turn, in-
fluences the size of the entrained fluid region. The characteristics
of the flow within the entrained fluid region ere identicel to those
described for boundary layer separation. Analytical models describing
the fluid mechaniqal phenomena of breakaway separaticn are available
in references 20 through 37. Intuitively, the phenomenon ma: be
thoughtto occur when the centrifugal force 7ast the curvature (corner)
cannot be supported by the radisel pressure gradient. For this case,
the boundury layer equations bresk down since one of the besic assump-
tions for their formulation was that the surface curvature was smnll,
i.e., of the seme order of magnitude as the boundary layer thickness.
Again, the complete Navier-Stockes equations must be re-examined before

any simplifying assumptions may be made for this problem.
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2.3 Remarks

An exact solution to the overall problem of viscous flow separation
does not, at least at present, seem feasible. Becsause of our limit-
ed knovledge of flow in separated regions and its interrelstion to
the entire flow field, no simplifications of the very complex com-
Plete equations of fluid motion seem to be Justified. At present,
approximate analytical solutions relying partially on empirical cor-
relations seem most promising; however, results have not been gen-
erally applicable to practical situations. Therefore, the engineer
has had to resort meinly to experimental investigation to study his
particular problems. To date, a substentisl amount of such work has
been completed. The remainder of this report deals primarily with
the coverage of the highlights of these investigations and the use-
ful, but limited, engineering tools derived from them.
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3.

CHARACTERISTICS OF SEPARATED FLOWS

The engineer is concerned primarily with determining the pressure,
skin friction, and heat transfer distributions for the fluid motion
over a specified configuration, However, before these topics are
considered, much insight into the interpretation of available experi~
mental and analytical results pertinent to separated flows may be
gained by considering certain properties peculiar to these flows,
Though the characteristics to be discussed are closely interdepen-
dent, they will be dealt with as discrete entities in order to iso-
late their significance. Some of these more prominent aspects
follow,

3.1 Significant Flow Parameters
For attached flows, neglecting displacement effects of the boundary

layer on the externel supersonic flow, the behavior of the boundary
layer depends mainly on Reynolds number, whereas conditions in the
external inviscid flov are dependent primarily on Mach number, The
physical significance of these two flow parameters may be explained
as follows:
a. Mach Number
Mach number may be regarded as a measure of the compres-
sibility of the fluid. In the important case of the
adiabatic inviscid flow of an {deal gas, changes in pres-
sure, temperature, and density of the flowv along the body
may be shown to be a function only of bedy shape and Mach
nunber,

In genersl, as Mach number increases, the flow in the

vicini{ty of the body becomes more complex. For example,
separation normally results in multi-shock (figure 2) or
expansion-shock (figure 5) flow fields. As Mach number
increases, vave angles decrease and theses flow processes

tend to mevge in the region of reattachment,

14
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b. Reynolds Number

Reynolds number may be thought of as the retic of the
inertia force to the viscous force in the shear layer.

in continuum flows, the growth of the shezr layer, mo-
mentun transfer, and heat transfer are strcnzly depen-
dent upon Reynolds number, This is trus for botn attached

and separated flows,

As has been previously explained (Section 2.1.1.i), <ne phenomenon
of flow separation is the result of a stron, iutu.a:.ion between the
viscid and inviscid flow fields. Thereforc, in descridbing separated

flows both Mach number and Revnolds number arc ijzpcrtant,

3.2 State of Flow

Experiments shov that separated flows are characterized by the pre-
vailing type of boundary la}:er.37 That is t. say, tnere are certain
basic features of the flow which depend prirmarilv on whether the
boundary layer is laminar, transitional, or turbulecnt and vhich are
more or less independent of other flow and geometrical parameters,
Therefore, it is convenient to deline the vossible recimes in the
following manner:

a, Pure laminar - The flow remains laminar tarourshout the re-

gion of separated flow; i.e.,, transition

occurs downstream of reattacament,

b, Transitional - Transition occurs belween tne separation

ana reattachment points,

Cc. Turbulent - The boundars iaver i3 turbulent throurhout
the entire separated revion, i.e., transi-

tion occurs umstrear of the seraration point,

The dis<i:nct differences in flow charactcrisiics ovserved betwveen the
above repgimes are attriduted main.v to the rreatoer effeclive momentum
transfer .n turtulent baundare javers, Thu:, the lncation of transie

tion with rezpect to scoaration and reattachment is i~vortant.
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3.3 Length of Seperated Region
In general, for identical free stream conditions and geometry, the

length of the separated region in flow with a laminar boundary lay-
er vill be considerably greater than that with a turbulent boundary
layer. The reason is that the greater momentum of the fluid in the
turbulent boundary layer, due to the increased effective viscosity
in turbulent exchange, enables the fluid near the wall to proceed
sgainst much greater rises in pressure before the equilibrium be-
tween pressure and momentum forces is reached. Hence, separation

is delayed in & turbulent boundary layer. As an exemple, for a for-
vard facing step, figure 6, it has been observed for idantical step
height and free stream Mach numbers that the length of laminar sepa-
ration was four times greater than that for the turbulent separation,
even though the overall pressure rise associated with the latter case
38

vas three times greater,

3.4 Sheck Wave Penetration of Viscous Region

Shock waves may occur in the vicinity of separated flows due either
to flow deflection caused by the separation and/or externsl sources
(shock impingement) which may give rise tc the separation. The fi-
nal position that a shock wave may assume with respect to the viscous
flow field is governed mainly by.the state of the flow. Shock waves
may, of course, occur only in supersonic streams. If the velocity
profile is gradual, such as for a laminar boundary layer, the dividing
line between subsonic and supersonic flow will lie farther from the
surface than it would be in a turbulent boundary layer of the same
thickness. Hence, a shock wave may "penetrate"” a greater distance in-
to & surbulent boundary layer. This property gives rise to the funda-
nental difference in ~hock structures observed between laminar and
turbulent interactions.3

3.9 Compression Process
The combined characteristics of length of the separated region and

shock penetration strongly influence the compression process that the

19
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inviscid supersonic flow undergoes. For illustration purposes, we
maey use the example of flow pasl. & step, which has teen slready par-
tially discussed, refer to figure 6. For both laminar and turbulent
flows, the effect o1 separation iz to alter the effective body shape
to more or less resemble a wedge with a somewhat curved approach.
Becauce the region of separation for the laminar case is longer, the
external flow is turned more gradually end through a smaller angle;
hence, the resultant pressure increase is less thean for the turbulent
case. Compression over this geometry near the wall tekes place
through a series of weak waves. These wavelets then coalesce to

form a shock wave some distance outside the boundary layer. For the
turbulent case, the shorter separation region results in a consider-
ably larger turning angle and & more severe spproach curvature; hence,
coalescence of the compression wavelete occurs closer to the surface.
The combined effects of rapid coalescence of compression wavelets
plus the sonic line being decper in the boundary layer accounts for
the observation that for turbulent flow the shock waves appear to

emanate from a point in the boundary 1ayer.37

The experimental observations cited above sllow us to qualitatively
discuss certain details of the flow field. First of eall, for the
turbulent case, since the shock wave emanates from the boundary lay-
er, the externsl flow fields on each side of the shock wave would be
expected to be nearly isentropic since the shock wave itegelf is quite
straight. For the laminar case, the compression wavelets do nct coa-
lesce as rapidly and the flow field, consequently, must be examined
more carefully. Near the new effective turning surface (edge of the
mixing layer), the flow is turned quiie gradually; hence, the process
may be thought to be more or less isentropic in this viecinity. How-
ever, as we approach the region of convergence of the wavelets, the
compression process occurs more rapidly; hence, an entropy gradient
will occur between the effective turning surface and the shock wave.
This condition would be expected to give rise to a vorticity fleld

2)




ir the external flov, and the extent of such an action is consider-
ably greater for a laminar case,

The above discussion is limited to low and intermediate supersonic
Mach numbers. At high (hypersonié) Mach numbers, the flow field be-
comes considersably more complicated. Shock wave-boundary layer ine-
teractions, caused by thé rapidly growing boundary layer displacing
the inviscid flow, give rise to highly curved shock waves even for
compression by corners and wedges. This effect results in a none
uniform (non-isentropic) flow in the inviscid field between the

shock wave and the boundary layer, Thus, an entropy gradient will
exist in the inviscid flow field regardless of whether the separating
boundary is laminar or turdulent.

3.6 Steadiness of the Flow
It hes bdeen found thet, in general, the flow in a laminar sepesrated

region is steady, i.e., at any fixed point in the flow field the
fluid motion is independent of time. On the other hand, this is not
the case for the transitional and turbulent regimes. Transitional
separations are normally quite unsteady in the region between the
transition and reattachment points. This is to be expected since
the phenomenon of transition itself is an unsteady process, Chapman's37
experiments indicate that the unsteadiness associated with turbulent
separation is considerably less than for transitional separation.

This is not to say, however, that unsteadiness in turbulent separation
is not significant. In fact, the experiments of Charvat39’ho for flow
over notches show that considerable mass exchange may take place be-
tween the separation cavity and the external flow when unsteadiness is
present. This phenomenon appears to play a major role in the mechanism

of neat tranusfer from the senarated region.

3.7 Threi -Dimensional Effects
Seperated flows rarely are completely two-dimensional in either prace.

tice or experiment, In particular, it hss been noted that lc~al three-
dimensional flovs may exist in the separated region ahead of &




tvo-dimensionai step whenever transiticn is close to the point

124 lepnration37

s and vhen a turbulent boundary layer flows over
a notch?g In general, noticeable three-dimensional effects are
accompanied by considerable unsteady flow activity; however, the

converse is not necessarily true,

One particular three-dimensional effect that has been noticed in
experiments is the existence of regularly spaced longitudinal
striastions at and downstream of reattachment, as indicated by sub-
limation aﬁd oil techniques. Ginoux reported the existence of these
striations for laminar separated flows in referemces L0 and L2, His
models included rearvard and forward facing steps (bcth twoedimensional
and axisymmetric) and two-dimensional compression corners. He found
that the range of "wave lengths" (spanvise distance between striations)
that existed for the rearwvard facing steps could be correlated with
the ratio of step height to boundary layer thickness at separation,

He also tentatively concluded that since similar but wesker stria-
tions vere found prior to separation, these striations {ndicated

the existence of flow phenomena that were related to the flow stability.

In references 36, 43, and Ll similar striations vere found in the re-
attachment region behind rearvard facing steps. Strack found that
correlating "wavelength" and step height gave results in sgreement
vith Ginoux's laminar data. Roshko, in reference 36, attridbutes
these striations to Gortler«type vortices,

a3

e -
Yot s—gan W

e e m e




L,

PRESSURE DISTRIBUTION
In this section, the overall effects of flow separation on the pres-

sure distridution and the dependence of various pressure parameters
on the flow are discussed. A knowledge of the wall pressure distri-
bution 18 essential to the aerodynamicist in order to calculate the
forces on the vehicle., However, other useful informstion can be ob-
tained. To the experimenter, the wall pressure distribution gives
quite &n accurate picture of the separation geometry; namely, the
length of the separated region and the slope of the dividing stream-
line separating the external flow and separated regior.. Pressure
data have also been used to predict z;her properties in regions of

~~nfficient with pressure distribution for the case of shock im~

geparated flow. For example, Sayano ® has correlated heat transfer

pingement, Such a correlation facilitates the prediction of heat
transfer rates sincc wall pressure is considerably easier {o measure,

4.1 Dependency on State of the Flow

k,1.1 Boundary Layer Separation

The experiments of Chepman, et al?’7 show that for = o!ven geometry,
the locetion of transition relative to the separation and reattach-
ment points is dominant in controlling the charecteristic festures or
the pressure distribution regardless of other flov parameters. Hence,
it is proper to categorize pressure distribution characterigtics in
accord with the previously defined states of flow. Typlcal wall pres-
sure distributions for laminar and turbulent sepaerated boundary layers
are shown in figure 7. Pertinent nomenclature of the distributions is
illustrated. Tie distribution for the trensitionzl case is more or
less a composite of the two illustrsted cases, In a general sence,
the cheracteristics of the pressure distribution in a separated bound-

»1ry layer may be described &s follows,

L.1.1.1 Iaminar Separstion

On & relative basis, pure laminar seracations usually involve rela-

tively smell pressure changes and small pressure gradients. In this
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regime, the pressure rises to a platcau and remains almost constent
over most of the separated flow region to reattachment. The plateau
pressure is representative of the pressure in the so-called “dead
air region.” The remainder of the pressure distribution depends up-
on the flow deflection at reattachment.

k,1.1.2 Transitionsl Separation
At separation, the flow is still laminar, so the pressure distribu-

ticn upstream of transition is quite similar to the lamina- cese ex-
cept that the plateau pressure persists over a shorter d:stance. If
transition occurs quite close to separation, however, there may be
ljittle or no plateau region due to the energizing of the deed-air
region Uy turbulent exchange. This increased momentum transfer also
gives rise to more severe pressure gradients after transition. An
abrupt pressure rise is often found to occur at the location of tran-
‘sition. This is especially true when trensition occurs only a short
distance upstream of reattachment. However, it is not necessary thet
transition in a separated layer be accompanied by a rapid pressure
rise or that abrupt rises in pressure necessarily indicate transitionm.
If transition is far upstream of reattachment (near the separation
point) transition may occur in the separated boundary layer (mixing
layer) under conditions of nearly constent pressure. Also, if a re-
attaching boundary layer is very thin, a relstively rapid pressure
rise (not indicative of transition) may occur. In general, it is well
to compare pressure plots in all three regimes before attempting to
correlate & particular phenomenon with an irregularity in a particular
characteristic of the pressure distribution.

4.1.1.3 Turbulent Separation
Turbulent separations display rather abrupt pressure variations neer

both the separstion and reattachment points. No large pressure platesu
is observed for this regime; the pressure usually rises continuously
to its final value. The platesu value is indicated by either an




inflection point {n the pressure curve or a small Plateeu, depending
on the length oi the separated region.

4.1.2 Breakaway Separation

In general, the basic features of the pressure distribution relevant
to "breeksway separation” are quite similar to those just described
for "boundary layer separation". That 1s, the nature of the pressure
gradients and relat{ve magnitudes of the pressure changes are highly
dependent on the state of the flow. The main difference between the
tvo regimes i1s thut, since the surfece is convex, the external flow
expands and, hence, for breakeway separation, a prassure decrease
rether than an increasse is noted in the vicinity of separation. The
flow then recompresses at reattachment and approaches the value ex-

yected for attached flow.

L.2 Free Interaction

Gertain properties of the pressure distribution wiihin the'aéparated
region may be independent of the surface geometry causing thé flow to
separate. That is to say, such characteristics are determined only
by the interaction of the oncoming flow with the adverse pressure
gradient eand are not dependent upon the magnitude of the overall pres-
sure rise causing separation. Such a flow process, one which gives
rise to properties independent of the geometry, is defined as a "free
interaction". Two important pressure parameters may be expressed as
free interaction functions; these are the pressure rise to the semara-
tion point end the pressure rise caused by separation. These param-
eters are discussed i{n detail in the following section.

4.3 Pressure Parameters
Several investigators of separated flows have found it useful, for

the purposes of Interpretation of data and the development of correle-
tion formulas, to define certain parometers pertinent to specific
characteristics of the pressure distribution (refer to figure 7). Some




frequently used guantities are definel as follows, together with
their dependency on Mach number and Reynolds pumber.

The importance of the location of transition relative to separation
and reattachment has already been pointed out {section 3). There-
fore, we must bear in mind that any change in a flow parameter which
affects transition can also directly change the pressure distribution.

4.3.1 Critical Pressure Rise

The critical pressure rise is dofined as the minimum overall pressure
rise required to cause separation. This quantity is usuelly express-
ed in terms of the critical pressure rise coefficient,

Pp - P, 2 [Pr
Cperss 7 2 (.'n" (3.2)
erit (1/2)Pan° Y™ \’o

Donaldson and I.emgeh6 have reasoned, from ccasideration of the physie
cal phercmena, that the¢ critical pressure rise should be controlled by
the wall shesr, - o boundary layer thickness, 50, and streenm conditions

"o’ po, uo, Just prio. to separation, i.e.,
Pf - Po = rl ('o) ’o’ "o: Uy 50) (3°2)

By the principle of dimensional homogeneity, the above relationship
may be replaced by a simpler relationship in terms of dimensionleas

groups, namely:

Pp = Py o
- F, [(——2—s M) = F(C, , M). (3.3)
{1/2) poui 2 ((1/2)90 u_ °) 3t o©

Or, since skin friction depends on the local Reynolds number and local
Mach number;

cpm‘1t = F, (R"o’ M) . (3.5)




P depends on Reyﬁolds ;
crit

number in approximately the following manner.

Recent experimental results {ndicate that C

Laxinar Flow: o ~ R -1/u (3.5)
P.ri: X
erit o
Turbulent Flow: C ~ R -1/10 (3.6)
erit o
It cen be seen that Cp is & much stronger funciion of Reynolds
crit

number for laminar thanr}or turbulent boundary layers. The effect
of Mach number on Cp i1s greatest for lower values, {.e.,
1<M < L.o. Experimgm}s' show that for both laminar and turbulent
flows Cp ~ (M2 - 1)°1/h. Experiments also show thet C is

crit pcg}t
more or less independent of the specific geometry, although this may
not prove to be a general rule, especially at higher Mach numbers.

As previously discussed, the overall pressure rise required 1o sepa-
rate a turbulent boundary layer is much greater than that required to
separate a laminar boundary layer. For example, for 1.5<Mo< 3.0 and
6
Rxo =1x10, Cp

wvave.

10 x Cp for an incident shock

erit(turd) crit(lam)

k.3.2 Separation Pressure Rise

Separation pressure rise is defined as the rise {n wall pressure at
the acturl point of separation. As separation usually occurs under
the condition ef free-interaction, the pressure rise to this po!nt

is more or less Independent of the mode causing it. For laminar and
=1/}
transiti{onsal flow, C.p ~ Ry 1/h

se o
for a given Mach number and Reynolds number are sbout equal. This Is

» and the separation pressure rise

to be expected since both regimes are eseentially laminar at the sepn-

ration point. For turbulent flows, Cpsep ~ Ry -1/10. The separntion
pressure risc increases with Mach number; however, wave angles are
usually quite small: therefore, C decreases as Mach number

Pgep



increases. The separation pressure rise s usually about 1/2 and
2/3 of the plateau pressure for laminar and turbulent separations,
respectively.

4.3.3 Reattachment Pressure Rise
This is the pressure rise at the point of reattachment. In lemi-

nar flow, the pressure rise to the reattachment value is approxi-
mately the same as the pressure rise to the plateau value. For
turbulent flow, however, the reattachment pressure rise is usually
about 1/3 to 1/2 of the peak or overall pressure rise (figure T).
The reattachment pressure is greatly dependent on the particular
geometry; hence, flow properties at reattachment cannot be view-
ed from a free interaction basis.

L,3.4 Plateau Pressure Rise

The plateau pressure rise may be defined as that pressure rise re-
sulting from the external flow deflection caused by separation.
Because the flow within the separated region is of relatively lcw
energy, the pressure of the deflected external flow is impressed on
the separated region in much the same manner that the external pres-
sure is impressed on an attached boundary layer. Hence, the pla-
teau pressure and the pressure at the edge of the separated bound-
ary layer may be considered identical. This relationship of the
wvall and external flow pressures is shown in figure 8 for the case
of a compression corner. The gradual gradients along the wall
(dotted line) are attributed to the pressure diffusjon phenomenon
vhich takes place in the subsonic portion of the flow. The indi-
cated length, LF.I.’ represents that region in which the adverse
pressure gradient reacts with the oncoming flow, i.e., the free

interaction region.

N




COMPARISON OF PRESSURES ON WALL AND AT EDGE OF BOUNDARY LAYER
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Pigure 9 shows a plot of laminar flow plateau pressure data as a
function of Reynolds and Mach number of the oncoming rlouPT’he
The data shows good correlation for several geometries; nameiy, con-
pression corner, incident shock and forvard facing step geometries,
thus substantiating the argument of free interaction. The data points
for 1< M°< 16 may be approximated by the following empirical relation-

ship vhich is Indicated by the curve on figure 9.

c = 1.60 | R (Ma-l) -1/ .
pplat(m]nar) [ xO ° ] (3 7)

Certaln experimentsr( indicate that the phenomenon of free interaction,
as previously defined, {s not generally applicable to the problem of
turbulent separa't.ion. Hovever, the correlatfon of a reasonable amount
of experimental datal‘7 for the same flow model geometries considered

i{n laminar flow shows that plateau pressure !s more or less indepcn-
dent of these georetrles for turbulent flow (sece flgure 10). Care munt
be taken in extend!ng these data to other geometries. The folloving
equation upproxlm;;es the Rx; and Moldependency of plateau presgure ~o-

efficient for turbulent flow
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I¢ has been argued that the plateau and critical pressure rises are
necessarily 1dentica1.h? The btasis for this argument is that the
flow field resulting from & shock~boundary layer interaction can
exist only in one of three possible stable conditions, namely:

a. The overall pressure rise is less than the plateau pressure
rise. Hence, the flow remains attached. This may be de~
fined as & "weak interaction”.

d. The overall pressure rise is just equal to the plateau pres~
sure rise. Here the flow still remsins attached, but the in-
teraction is completely self-induced by the mutusl dependence
of the viscous and inviscid flow fields. The interaction of
the adverse pressure gradient with the oncoming flow 1s inde-~
pendent of the geometry.

¢. If the overall pressure rise becomes greater than the plateau
pressure rise, the attached flow becomes unstable. Stability
is achieved by the separation of the boundary layer, resulting
in & modified effective geometry giving rise to stable shock-
boundary layer interaction, such as shown in figure 7. Here
again, the strength of the leading shock wave is determined by
mutual interaction of the viscous and inviscid flow fields and
te independent of the body geometry giving rise 1o separation.

From the above conditions, it would appear that the plateau pressure
rise and critical overall pressure rise are identical providing that
initial separation is continuous end free from any hysteresis effects.
Kuehnhg made rather extensive experiméntal measurements to determine
the critical overall pressure rise necessary to cavse separation. His

values for C were somewhat higher than C . This is possibly
erit piat




.

due to the difficulty in experimentally detecting the exact onset

of separation. The criterion used was to essume that separation
occurred vhen the pressure distribution curve changed from a curve
vith one inflection point to a curve with three inflection points,
i.2., when an lnciplent plateau pressure developed. This technique
certainly detects the onset of significant separation; hovever, the
ceriterion is not reccssarily unique. Hakkinen, et 170 conducted

a similar investigation for leminar boundary layers, but in addition
made wall friction measurements. These resulis, based on the more
fundamental criteria of zero wall shear at separation, did show that
the pressure rise to cause separation was of the same nmagnitude as
the plateau pressure. Nevertheless, because of the lack of comglete
data, there appears to be a.significant need for more detalled ex-
perimental measurements of the inciplent separution for both laminar
and turbulent flows, especially if the free-interaction pheromenon

is to be used as & basis for analysis.

One additional piece of useful information may be developed from the

Plots in figures 9 and 10.hT

Since the pressure coefficient in a su-
personic flow is uniquely determined by Mach number and flow deflec-
tion angle, these data may be re-arranged to show the interdependence
of flow deflection angle, Reynolds number, and Mach number. This is
done in figure 11 which more clearly shows the nature of free-inter-
action phenomenon. The result shows that for a given Reynolds number,
Mach number, and state of flow, the angle ¢f deflection of the separa-
ted flow is uniquely determined. It must, of course, b2 remembered
that the foundation of this observation is experimental and limited
to specific geometries. The result, however, is applicable to many
practical aspects of separated flows, primarily in determining the
extent of the separated region, especially in situations where either

the separation or reattachment point is fized.
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k.4 Comments Pertinent to Speeifie Georetries
Several representative pressure distributions for specific guometries

are 1llustrated in figure 12. Limited analyticael techniques have
been developed for calculating the length of the separated region and
the pleteau pressure rise. These are based primarily on cxperimental
resulis and are discussed under ihe folldbing headings, together with
properties of the pressure dlstribution vhich are peculiar to the
specific geometry.

4.4.1 Compression Corners

The flov in a compression corner msy exist in one of two possille
equilibriuh positions, If the overall pressure rise is less than the
critical value, the flow remains attached. However, if the overall
rise exceeds the critical value, the flov separates, modifying the
effective body geometry in such a manner as to compress the flow {n
tvo steges (figure 12.1), The extent of the separated region is deter-
mined by the mutual interaction (equilibrium) of the viscous and in-

viscid flow fields..

Typical surface pressure distributions for separated flows over com-
‘pression corners are shown in figure 12.1. The pressure rise across
the first shock, 1.e., pressure rise due to separation, is quite evi-
‘dent for laminar and transitional flows, &8s may be ceen by the "pla-
teau” in the pressure curve. In the turbulent case, the plateau pres-
sure rise is characterized by &an inflee{ion point {n the pressure
curve. ‘A distinct plateau is usually not observed in turbulent flow,
since the length of the separated region is quite short. In both
cases, the pressure approaches the inviscid value after reattachment.

If the pressure distribution is known, the geometry of the separated
region, {.e., the location of the dividing streamline, may be det-
mined with reasonable accuracy. Thc_scpuratlon point for laminar and
transitional flows occurs about uﬁere the'preasure rise is about one-
half the plateau value. In turbulent {low, separation occurs vhere



PRESSUREZ DISTRIBUTION

FOR SEPARATED FLOW

At by

! cEOMETRY LA A re TEANSITIONA TURAULENT
T0) (& ™ © |
b =" "
LY L/ | f
M, P '
e l[,_ |
I
(d - n
Q) o
| ( ):- (o) r ©)
P, | |
) | f
l !
! 7| .
B ] <)
@) (= ©) o sePARmon
™
0 I ’
%
< : )
(a) 5) ©
A N ‘
;) 3 [: 3
(a) (&) ©
ov
&
Y a TR
) l E s
X fa) ) )
LIS
P S\
e T x
é + + %)L o

TR

® SEPARATION POINT
APPROXIMATE TRANSITION REGION

A REFERENCE POINT oN B0GY

FAGURE 12




T et oaa s e

the presscure rise is approximately two-thirds the value of the pls-
teau value. Once the separation point has been esteblished, the

dividing streamline may be drawn, since its slope {the flow deflec-
tion angle) is uniquely geterminei knowing Mo and the pressure rise

due to separation.

Analysis of the problem of flow separation over & compression cor-
ner 1s somevhat complicated by the fact that neither the separation
nor reattachment points are known. However, sufficient data have
been made to correlate certain flow parameters which are {ndependent
of the geometry, namely:
a. The effective defiection angle formed by the separated
flow as & function of Mach number and Reynolds number
prior to separation (see figure 11).

b. A reference separation length as & known function of the
pressure distribution, namely the initial, plateau, and

final pressures.

Considering the possible ways lgep/ﬁo can vary, the following ex-

pression can be derived.

Yooy (Locy) . arer (3.9)
5, % ref’ « *
vhere
Leep . K{_‘.’;____'_f’x. . (3.10)
ocref po

The required gquantities to complete the calculation based on experi-

mental data for 1< Mo < T are as follows:




Laninar Flow Turbulent Flow

ao = 2.0 M = 2.8
ref Oref

R, =2.0x 10° R, =2.0x 108
°ref °ret

K = 105.0 K = 4.15

Insulated wall

Insulated wall

Knowing the separation length and flow deflection angle, the separa-
tion geometry is determined. -

Certein geometrical limitations exist to the above criteria. If the
compression surfsce is too short or the turning angle, 6, too great,
the flow will reattach at the end of the compression surface, the
limiting case of € = 90° being the flow ahead of a step. For these
cases, the extent of the separated regibn is determined solely by

-the effeéiive turning angle presented in figure 11, since the reattach-
ment point is known & priori.

L.4.2 Shock Wuve Interaction
A boundary leyer may se¢parate locally as the result of the pressure

Tise aszociated with an impinging shock wave. The perturbing shock
wvave may be gencrated by & nearby body causing an oblique shock inci-
dent to the boundary layer, or by a protuberance from the plane of the
boundary lsyer, giving rise to & svept planer type shock wave, figure
13. .

Of these two types of shock induced separations, that resulting from
an incident shock wave is the simplest and best understocd case {ref-
erences 45, U6, kg, kg, 50, 51, 52). Basically, the shock wave

4}
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impinges on the boundary layer, establishing a Jump in pressure at
the surface. The low velocity subsonic portion of the boundary lay-
er, of course, cannot sgpport the exdstence of & shock wave; how-
ever, the nature of the subsonic flow does allow the high pressure
behind the shock to "diffuse” forward, establishing an adverse pres-
sure gradient. If this pressure gradient is sufficientls steep so
as to overcome the momentum of the boundary layer, the flow will
separate. A flow model for this type of separation is shown in
figure 13.1.

The study of incident shock separation is somewhat simplified in

that the locaticn of the inviscid shock wave is not affected by the
interaction, as it is for the compression corner. As in all cases

of separated flow, the extent of the region affected is considerably
greater for laminar than for turbulent flow. Measurements for one
case showed that the total length of pressure diffusion was 1C0 & ’

[+
vhile for turbulent flow the diffusion length was sbout 10 & e

turd

Typical surface pressure distributions for incident shock separation
are ghown in figure 12.2. The characteristics of the pressure curves
are quite similar to those observed for corner flow (see figure 12.1).
In both the laminar and transitional cese, the pressure rises to a
plateau value, vhile the turbulent curve has a point of inflection.
The pressure then rises to its final value. The magnitude of the
critical pressure rise for separation or the plateau pressure may be
determined from data co-yelation shpwn in figures 9 end 10.

One complicating factor for the case of the incident shock wave is

the presence of both the incident and reflected wave. The mechanism
of flow compression and expansion through the interacting shock system
is quite camplex, as might be inferred from the flow model shown in
figure 13.1. In many instances, the pressure in the region of re-
attachrent reaches a “peek" value and then deceases to a final value.




The follbwing cerrelution has been propesed for the peak value for

turbulent flow over a flet pl‘ne.b7
1.7%
Pop [Py
T’? 13 (-;-)—o-) - <."1°<5 . (3'1:)

The finadl value is usuuzlly resconatly approxfimuated by the inviscid

valic, at lease in intcrmediate Masch nurter ranges, 1<:M6< L.o.

Much less is known soucut swept planar shock interactions. The prob-
1'm {s complicated by the fact that the toundary layer flow ls threc-
dimensionnl, and thet the shock wave 1s normal to the surface. A flow
model shcwing the lumtdae shock-toundary layer {nteraction for luminar
flow is fllustrered In figure 13.20. A semewhat different interecticn
consisting of only & single shock limo impinging on the boundary luyer
vould be expected for turbulent flow; the flow field resulting for
the case of a uniform strength swept shock wave has been dealt with

53

analytically. Th.s special probler: may be reduced to a two-dimen-

sional one.

L.k.3 Curved Compression Surfaces

The pressure distribution over s curved compression surface diffcrs
basically from that discussed for a compression corner in the! the com-
yrecsion near the surface is always {sentropic provided the corner ic
properly filleted. In any event, the pressure rise is more grodual
since the inviscid pressure rise in the vicinity immediately outside of
the boundary layer is continuous (figure 12.3).

Experiments show that as the extent of filleting Is Iincreascd in a com-
pression corner the flow becomes more di{fficult to separate. Overall
pressure risecs greater than the eritical value for steps, corners, and
shock impingement (figures 9 and 10), are observed without eeparation.
Most investigators believe that this occurrence is due meinly to the



more gradual, continuous, compression. One other feature may be con-
sidered in the explanatica of this observation. The fillet could be
considered to represent en existing separation in e compression cor-
ner. The pressure rise required to separate the flow over the curve
vould then be of the order of mognitude required to cause an increase
in separation in an alreedy sepcrated corner flow having s dividing
strextline approxinating the gecmetry of the fillet.

For the other geocmetiries discussed, as the pressure ratio for inci-
pient separation 13 exceeded, the flow separates slightly, and the ex-
tent of the separation increeses contiinucusly as the pressure ratio in-
creases. Fbr curvad surfaces with large turning angles, however, it
has been observed for turbulent flow that the flow may irstanteneously
separate over & large region vhen a certain preseure rise is reached.
The flow accompenying such separations is usually quite unstecdy.

k.44 Porvara Facing Steps
Separation of the doundary layer i{s to be expected sheed of forward

facing steps provided that the atew height, H, is not small eccmpared
t0 the thickness of the oncoming boundery layer. fThe viscous and in-
vigcid flow fielde affect each cther and reach some final equilibrium
condition. The reattachment point is known since it must be at the top
of the step. 'The separation point is free and determined by the flow
conditions. The separated region gives rise to an affective geometry
vhich may be approximeted by & wedge.

As 18 to be expected from the nature of momentum transfar i{n leminar
and turbulent boundary layers, the laninar boundary layer separates
much farther upstream of the step. For example, it has been obzerved
that for identical free stream conditions and step height, the laminar
separation occurred sbout 17 step heights upstream, whereas, turbulent
separation occurred sbout 4 step heights upstream. As a result of the
relative effective body shapes, the shorter length of the turbulent




region gives rise to greater turning angles, and hence, stronger shock
vaves, 1.e. greater pressure rises. For the present example, the tur-
bulent pressure rise was approximately three times-tﬁe rise associated
vi?h laminar flow.

Typical surface pressure distributions for the flow ahead of a step

are shown in figure 12.k. For the laminer cace, the plateau pressure
prevails over most of the separated reglon. The turbulent distribution
is charecterized Ly steep pressure gradients and displays the usual in-
flection point priorv to reattachment. A peak pressure results from the
interaction of the more energetiz turbulent bowdary layer with the edge
of the step. Transitional separation ylelds a flow picture and pressure
distribution which are composites of the laminar and turbulent casec.

The separation point for either laminar or turbulent flow shcad of a

step may be approximated as follcws. The plateau pressure for the pre-
vailing boundary layer may be found, knowing the local Mach number and
Reynolds nunber before scparation (figures 9 end 10). The turning angle
18 then untquely determined dby the Mach number and pressure coefficlent
or by use of figure li. The separation point may then be determined by
projecting the required wedge angle from the top of the etep to the plane
of the upstream surface, the point of intersection being the scpuration

point.

As notecd from equation 3.8, for turbulent flow, the platcau pregsourc is
only slightly dependent upon the Reynolds number at thc separation point.
Por the present case of forvard facing steps, the following empirical

equations have been developed a3 a function of Mach uumber only:

3'2 -
c - 1.5¢M_ <3.5 (3.13)
Priat 8 + (Mo2 - 1)2 ° .

B

o

(reference 53)

c -0.13 -2, 2—% 3.5¢ M < 6.5 (3.14)
pplat Mo Mo
HCO,

(reference 38)




Reynolds number variation in the experiments from vhich the above
equations were developed was somevhat limited; 5 x 106< Rx <5 x lOT;
therefore, its elimination was somewhat justified. Howeve?, this re-
striction to the above equations must be realized before they may be
applied to more general situations.

The foregoing discussion has been limited to the case where the step
height is greater than the boundary layer thickness. When this is
not the case, the resultant flow no longer displays the characteris-
tics of a free interaction. For this case, experiments show that the
plateau pressure increases with step height and that the pressure
gradient leading to the plateau value is quite steep. This pressure
gradient decreases as step height increases.

bL.L.5 Rearward Facing Steps
In contrast to the previously discussed geometries, the flow over a
base comes under the classificetion defined as breakaway separation.

The flow expands around the corwer, and must recompress at the bot-
tom of the step. The combined effects of the fluid® inability to
negotiate the very sharp and large turning angle, the presence of a
lov momentum boundary layer, and en adverse pressure gradient created
by recompression of the flow at reattachment cause the flow to sepa-
rate. Experiments indicate that the separated region and external
flov reach equilibrium in such a manner thet separation occurs at the
top of the step. The separated flow geometry and typical pressure
distributions are shown in figures 1°.5. Recent data (references 36,
43, L4, and 5i) have indicated that, for a giwen step height, as Mach
number is incressed, a plateau appears in the pressure distribution
in the reattachment region. This platesu is very similar in appear-
ance to that occurring in the pressure dirtributions for compression
corners; however, its cause is not known at this time. The pressure
drop due to expansion over the geometry affected by separation is
greatest for the turbulent case. This is to be expected, since the




length of the separated region for turbulent flow is shortest, and
conseqﬁently, the turning angle of the expansion the greatest. As.
for the case of the forward facing step, if the pressure distribu-
tion is known, the extent of the separated region may be approxi-
mately determined by finding the turning angle required to expand
the flow to the base pressure. A line of this slope extended from
the top of the step to the base plane then determines the reattach-
ment point.

Chapman, et al?7 has developed an analytical approach applicable to
the case of laminar flow over & rearward facing step. The primary
limiting assumption of the analysis is that the boundary layer is
of zero thickness at the step edge. Their result for the plateau

pressure |is

p, [1+52w? ¥/ (r-1)

[ _lez
p 1*_%__—_:

l-u,”

(3.15)

Good agreement is obtained for the case So = 0 at separation. The
condition u, = constant i{s not applicable if a boundary layer is
present prior to separation. Certain analytical difficulties are
encountered for this case, namely, a new value of uy would have to
be calculated solving the momentum equation. Velues for u,, vhen
the boundary layer at separstion is not zero, can be found by the
methods of reference 2 3.

L.4.6 Bluff Leading Edge
The supersonic flow past & square-nosed flat plate involves a de-

tached bow shock vave with & resulting region of separated flow.
The boundary layer which forms on the front face of the plate is
unable to negotiate the right-angle corner, and separates at the
corner. Reattachment occurs some distance downstream. The flow



field around the separaticn bubble end typical surface pressure
distribution on the plate are shown in figure 12.6.

After passing through the bow shock, the flow near the center-
line is subsonic but expands to supersonic speeds; 1t is gener-
ally accepted that sonic speed is reached at the corner. Through-
out the front portion of the separation bubble, the pressure is
quite constant at the surface. A rapid rise in pressure then
occwr's through the recompression fan, and the pressure approaches
the free stream static pressure behind the recompression shock.
Experimental results for both the two and three-dimensional cases
ean be found in references 55 and S6, respectively. There are

no transitional or turbulent deta.

4.4.7 Cutouts

Traditionally, flow separation has been regarded as alwvays disad-
vantageous. However, recent considerations within the hypersonic
flight regime make the concept of controlled separation seem some-
vhat attractive. As a result, considerable effort has been expend-
ed in the investigation of flows over cutouts or notches. For this
geometry, the extent of separation {s quite well defined since the
separation and reattachment points remain fixed. One proposed prac-
tical application of controlled separation {s to employ notches as
drag generating devices for re-entry vehicles. In addition, it is
well known that wvithin the separated region itself, heat transfer
rates are substantially lower than for an equivalent attached flow.
However, much higher local heating rates at reattachment greatly re-
duce the attractiveness of using controlled scpuration to suppress
aerodynamic heating. Heat transfer in cavities ies discussed in de-
tail in Section 6.

The nature of the pressure distribution over a notch is greatly
dependent upon the length to depth ratio, L/H, of the notch as well
as vhether the flow is laminar, transitional or turbulent. Possible
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flow patterns for various L/H ratios are shown ir figure 1i. For

A i ——.

short, more or less square notches, figure 1k.l, 8 single vortex
forms in the cavity ss a result of the interaction with the on-
coming flow. As the ratio L/H increases, i.e., the notch becomes
longer, the viscous flow field becomes much more complex. The

single vortex becomes more oblong and eventually an unstable con-
dition is reached where two vortices of opposed rotation are es-
tablished within the cavity (figure 14.2). The fact thet the two
vortices are of opposite rotation indicaves that viscous influence
from the primary (downstream) vortex effects the secondsry (upstream)
vortex developnent rather than momentum transfer from the external
flow. As the notch becomes even longer, a point is eventually reached
vhere the boundary layer reattaches in the central region of the
cavity, again separates and reattaches at the end of the cavity
(£igure 14.3). Here, two vortices of like rotation develop and are
meintained by momentum transfer from the external flow. This last
case is similar to combined flow over a rearward facing step and

flow over & forward fecing step. As the length of the notches in-
creases to the point where the centrsl reattschment zone becomes well

established, the two sepsrated regions may be deelt with independently.

Typical floor pressure distributions resulting from flow over notches
also are sketched in figure 14, Some detsiled pressure measurements
for such flcws are prescnted in references 39, 40, and 57 through GO,
In short notches, the floor pressure is nearly uniform, Fowever; on
the recompression (downstreem) face a strong rise in pressure due to
fiow impact is noted near tne reattachment point (pcint R, figure
14,1)., In long notches, there is a rapid decrease in pressure due to
the expansion of the external stream in the vicinity of the separation
point (point §, figure 1b.2). The flow recompresses on the floor to
spproximetely zero pressure coufficient and again separates, causing e
pressure rise on tiie floor prior to the a2nd of the adtch. For thie

case, the wall pressure on the downstrean face remains relatively
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constant, A summary of floor and downstream face pressure charac-

teristics for various notch flows are summarized in figure 15, af-
ter Charwat, et 31.39

Because of the different possible flow patterns which may result

from flows over notches, it ig difficult to predict the geometry

(slope) of the dividing strezmliite and, hence, the effect of the

separated region on the inviscid flow field. One geometrical pa-
rameter, however, has been determined for such flows end this is

the critical cavity length.

The critical cavity length, I‘crit’ 18 defined as that length which
Just gives rise to the limiting cese illustrated in figure 1k.3,

i.2., the vortices of the two separated flow regions just coincide.
The roliowing equation describing Lcri ! besed on the geometry of

figure 16, has been developed39 for & turbtulent boundary layer:

[

bersy I, %

< (3.16)
L, & &

le f\)b
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CRITICAL CLOSURE LENGTE FOR CAVITY FLOW
FIGURE 16
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The data obtained for turdulent boundary layers showed that for
2.0< M°< 3.4k the criticel length is independent of Mach number and
the shape of the recompression step.

L,4,8 Remniks

A great deal of experimental and theoretical work has been done to
descridbe the pressure distribution within regions of seperated flows.
Because of the vast amount of experimental deta available on the sub-
Ject, many practical problems may at least be sttacked from an empiri-
cal approach. Recent analytical developments seem to indicate good
progress in describing the pressure distribution in laminar separated
regions. However, complete solutions for the turbulent regime, the
transitionsl regime. and three-dimensiornal problems have not been

found.
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SKIN FRICTION DISTRYBUTION

Yery little work has been done specifically on the problem of sgkin

friction in regions of separated flow. The primery reasons for this
are the complexity of analytically describing the dectails of the vis-
coug flow “n the separated region and experimental difficulties en-
countered in the measurement of skin friction.

As has prcviously been explained (figure 1.b), the local skin fric-
tion coefficient vanishes at the point of separation. Since the
flow is generally reversed in the separated region, the skin fric-
tion becomes negative. However, velocities in the reverse flow re-
gion are usually small as are the gradients, hence, the skin fric-
tion, although negative, would be small in magnitude. An unusual
case may occur for flow over notches. Charwat, et al,39 have shown
that circulatory flows of opposed rotation may exist in the notch.
Thus, for this special case, zones of both positive and negative
shear may exist within the separated region.

Hakkinen, et al,so have made measurements of skin friction to regions
of shock impingement for both attached and separated flows. Measure-
ments were made with a Stanton tube resting on the wall. The tube was
calibrated with an absolute floating element skin friction meter.
Their work was limited to laminar flows, although in certain cases,
transition was observed Just after reattachment. Typical results are
shown in figures 17, 18, and 19. Unfortunately, no reliable negative
skin friction measurements could be made bacause of instirumentation

response characteristics,

The data in figure 17 s how that the shock strengih is insufficient
to cause separation. The skin friction prior to shock impingement
is close to the value predicted by the Blasius solution for a flat
plate. In the vicinity of impingement, Schlieren photographs show
that the boundary layver thickened. As would be expected under this
condition, velocity profiles become less steep and the wall shear
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decreases but always remains positive. Dovastream of impingement
the boundeary layer appeared to recovir i1is normal thickness, and
skizt friction measurements returned approximately to the theoreti-

cal value.

In figure 18, the pressure rise associated with the incident shock
system is sufficient to ceuse separation. The skin friction is
close to that predicted by theory both upstream and downsiresm of ;
reattachment. Negative v:lues are indicated in the region of sepa- ‘
ration. Velocity profiles indicate that the flow in the mixing

layer, i.e., cutside of the reversal region, displays essentially

the characteristics of the undisturbed constaat pressure doundery

layer.

The data in figure 19 also show that separation has occurred.
Qualitatively, Zlow characteristics during the aprroasch to gepara-
tion and in the separated region itgelf, are simiiar to that shown
in figure 18. However, the skin friction after reattaclhment is
considerably greater than that predicted by laminar theory. Ghe
rather full velocity profile after reattackment indicates that the
boundary layer underwvent transition to turbuleat flow.

The foregoing experimental results are limited only to one cags -
the impinging shockwave. However, the date presented do provide
& quaiitative insight to the general problem of skin fricticn in
regions of separated and rzattaching flows.




6. HEAT TRANSFER DISTRIBUTION
Limited work has been performed to determine the general effect of
flov separation on heat transfer. Available results are difficult
to compare owing to differences in geometry and flowv conditions.
No one has yet performed an extensive heat transfer evaluation cov-
ering a wide range of geometries and flow conditions similar to
that performed on pressure distribution by Chapman, et al, reported
in reference 37.

The only generel remarks that can be made are as follows:
a. The local heat transfer coefficient within the sepsrated
region is usually swaller than the equivalent attached
velue,

b. The local heat transfer coefficient i{n the reattachment
region normelly exceeds the value for attached flow., In
certain cases, the peak heating rate may approach the same
order of magnitude as that at the stazagnation point or lead-
ing edge, whichever analogy is most applicable to the
situation.

c. The state of the flow is 8 critical parameter in deter-
mining the effects of flowv separation and reattachment on
the heat tranafer rate,

The following discussion is organited by geometiy with pertinent
spacific investigations discussed under each geometry.

6.1 Cavity Flovs

There have been four mein investigators of the provlem of heat trans-
for to surfaces with cavities., There investigators wvere Chapman,61
Iaraon,62 Charwat, et al,ho and N1c011.59 Charwat's, Larson's, and

Nicoll's studies were experimental while Chapman's work was theoretical,

61



Iu all cases of interest here, the flow completely bridged the cavity
and cavity dimensions vere such that the lengths were large compared
to the cavity depth, ané depths were of the same order of magnitude
as the mixing layer thickness.

6.1.1 Chapmen's Theory

In reference 61, Chapman presented a theoretical analysis to deter-
rnine the average heat transfer to a surface bounded by a separated
flowv. He assumed that the transfer properties in the mixing laye:
control 4the heat transmission, and his model consisted of & two-di-
mensional cavity with the flow separation and reattachment points at
the upsiream and downstreem cavity edges, respectively. Three other
major assumptions required were (1) constant pressure from seperation
through reattachment, (2) zero boundary layer thickness at the separa-
tion point, (3) no thermal resistance betwezen the internal flow within
%he cavity and the wall, and (4) constart wall enthalpy.

After the discussion in the previous section on the pressure distrflu-

tion, sasumption 1 would seem grossly in error. Howecver, close obser-

~ vation of the pressure distributions shown in figure 1.° reveals that

bo-

for laminar flows the reattachment region is small canpared to the
overall cize of the separated bubble, and that the pressure is nearly
constant from just after separation to Just before reattachment {for
forward facing steps there is no pressure rise at reattachment). lence,
the high rrcssure region at reattachment will, in meny cases, have only
a negligible effect on the average heat transfer, since the area it in-

fluences is small ccanpared to the totel arca.

The second assumption 1s invoked in order to achfeve simllarity In the
velocity and temperature profiles within the mixing layer. This iu
rather restrictive, since strictly spenking, 1t limits the applicabll-
ity of this analycis to leading edge type problems. Some recently
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cbtained information (referesnces 22 through 27) may aid in removing
this arvaumption.

Assumption 3 is a simplification Justified by the assumption that
the transfer properties in the mixing layer coritrol the eaergy trans-
fer to the wall. The fourth assumption was made due to lack of
pertinent experimental evidence to the contrary. If information is
obtained indicating this toc be & bad assumption, the method of ref-
erence 63 may be usged to account for a varieble wall enthalpy.

Chapman found the laminar separatnd heat transfer rate to be indepen-
dent of Mach number and Reynolds number. Performing a heat balance
oy 1nteg£-ating around the closed contour formed by the cavity wall
and the dividing streemline, he calculated a constant value of 0.56
for the ratio of the average laminar separated heat transfer rate to
that for laminar attached flow. For turbulent flow, this same calcu-
Iated ratio is a funciion of Mach number; <the value at a Mach number
of zero is 6.3, while &t a Mach number of 1.6, this ratio is 2.8.
These are the only velues presented by Chapman due to a lack of in-
formation describing the rate of growth of & turbulent mixing layer,
vhich is a critical parameter in determining the heat transfer rate.

6.1.2 larson's Heat Transfer Experiments

By measuring the average heat transfer rate to both two-dimensional
and axisymmetric cavities, Larson attempted to verify Chepman's re-
sults in & wind tunnel vrogram described in reference 63. His ex~
perimental data support Chapman's theoretical value of heat transfer-
red from a separated laminar boundsry layer since he cbtains a value
of 0.5 for the previously mentinned ratic for both two-dimensional
and arisymmetric flows. However, for the turbulent case, he obtained
2 ratio of about 0.60, this ratio being nearly independent of Mach
mumber, tut proportional to Reynolds number to the mirus 1/5 power.
His conclusion was that goold agreement was obtained for the laminar

@



separation, but that the turbulent theory and experimental values
approached one another only at high Mach numbers.

6.1.3 Charvat's Investigation
In reference 4O, Charwat, et al, postulates that there are three basic

mechanisms controlling the heat transmission from (or to) the flow

in a scparated region: (1) conduction through the mixing layer; i.e.,
Chapman's hypothesis, (2) conduction between the cavity wall and the
internal flow, and (3) mass exchange between the internal and exter-
nal flows. While all three of these mechanisms may exist in all sep-
arated flow geometriecs, one of the three may be dominent for a given

geometry and set of floiw conditions.

As has been pointed out, Chapuan's theoretical aralysis indicated
that upon transition from a leminar to a turbulent mixing layer,
there ig an abrupt increase in the average heat transfer rate to a
surface immersed in separéted flow, while Larson's experimentally de-
termined values do not verify this abrumt change. Hence, it appears
that Chapman's model is incorrect for the turbulent case. Therefore,
Charwat proposed an experimental study to determine if, for a turbu-
lent mixing layer, there is significant mass exchange between the ex-
ternal and internal flows. A sccond portion of the program was con-
cerned with determining both the distribution and the aversage valuc
of the heat transfer coefficient at the cavity walls. It has already
been pointed out in Section 3.6 that Charwat detected considerable
mass exchange accompanying the unsteediness of a turbulent mixing
layer. In addition, it was found that the primary paramcter affect-
inz both the averege heat transfer coefficlient and the heat transfer
coefficient distribution was the turbulent boundary layer thicknecs
prior to scparation. For the boundary layer-step height considered
in the experiments it was found that the thicker the boundary layer,
the greater the heat transfer coefficients.

o
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The study revealed that regardless of the boundary layer thickness;

the heat transfer coefficient dropped to & minimm value (less than the

attached value) immediately downstream of the separation

ypoint. Increasing the cavity length tended to decrease this mini-
mm further. Downstreem of this minimum the heat transfer coeffi-
cient increases through recompression to & meximum at reattachment:;
this masximum being, in &ll cases shown, greater than the attached
value that would exist at that point.

For thin oncoming boundary layers, increasing the cavity length
appeared to sharply increase the maximum heat transfer at reccmpres-
sion for small values of length to depth ratio. For large values of
length to depth ratio, the asbove affect was not observed. ¥or thick
boundeary layers, increasing the cavity length appears to result in a
steadily increasing maxinnum at reattachment regardless of the length
to depth ratio.

As the thickness of the boundary layer increeses, the heat transfer
cocefficient at each point within the cavity increases and the loca-~
tion of the rise in heat transfer coefficient through reccmpression
shifts closer to the separation point. Thus, it is quite conceivable
that both the total and the averesge heat transfer rate over the sepa-
rated region could be higher than that obtained with an attached flow
if the oncoming turbulent boundary layer were sufficiently thick.

In the appendix of reference 40, Charwat presents an approximate anal

ysis of & simplified mass exchange mocdel based on the conservation of
romentum. The analysis ylelds the following result for the mean

Stsnton nunmber:
T = % (%ﬁ (4.1)

viiere &s is the mixing layer thickness Just prior to recompression, L
is the cavity length, and 6 is a function of the slope of the mixing
layer veolocity profile at the mean vertical location about which this
mixing layer oscillates.
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Severel trands can be noticed from this equation:

a. The heat transfer coefficient will increase with increasing
mixing layer thickness; thus, the heat transfer coefficient
will increase with boundary layer thickness since thesz two

thicknesses are proportional.

b. Since ¢ appesrs to be of the order o: mag .tude of 1 from
theoretical analyses, this equation predicts that ‘the Mach
number and Reynolds number dependence is contained solely

in the parameter 6S/L.

(1) In laminar flow (SS/L)lamfv’R;l/a, hence

-1/2
Stsep.N Rx

(4.2)

~ hsep.

and since

f.p. x (4.3)

vhere hf P is the flat plate heat transfer

coefficient,

hse .
h

£.p.| lam

= constant (h.h)

(2) In turbulent flov, thin boundary layer data yield
the following:

: -2/5
(bs/L)turb.N Rx (4.5)
therefore,
st~ 25 (4.6)
sep, x
and since
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-1/5
Stnt;oNé Rx h‘T
'hse ~ R-l/ 5 4.8
Lfopo turl.,

It 48 to be noted that this simplified analysis syrees with Larson's
experimentel data since he found “ur :=minar flow that hsep/hf.p. is
indeyendent of Mach number and Reynolds number and for turbulent flow
hse hf.p. = R;l’ls, i.e. a function only of Reynolds number.

In sumary then, Charwat et al have shown that the heat transfer co-
efficient distribution on the cavity floor for a2 turbulent mixing
layer is dependent pon the boundary isyer thickness prior to separa-
tion. The thicker the boundary layer, the higher the average heat
transfer coefficient. In eddition, it was shown analytically that
for the turbulent case the heat transfer coefficient ratio is propor-
tional to the boundary lsyer thicknes:, 1.e. S R vhen the mech-
anism controlling the heat transfer is the mass exchange between the

separated region and the externai flow.

6.1.% Nicoll's Investigation

Only recently, Nicoll59 has reported the results of an experimental
study of heat transfer for laminar hyperson.c flow over various an-
nuler cavities in a 20° cone, figure 20 below.

CONFIGURATIONS TESTED
L{IX.) | D(IN.) | L/D
5/16 1/8 2.5
5/16 § 3/32 | 3.33
5/8 1/8 5.0
5/8 3/32 | 6.67
5/8 1/16 | 10.0
11/4 1/8 | 10.0
11/4 3/32 | 13.33
11/4 1/16 | 0.0

i

NICOLL'S EXPERIMENT
FIGURE 20
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Measurements were made to determine the pressure, recovery factor,
and heat transfer coefficient on the cavity floor snd in the vicin-
ity of reattachment. The study was conducted in a helium tunnel &t
& Mach number of 11. Reynolds number, cavity length-depth ratio,
and reattachment region gemmetiry were the controlled variables of
the experiment.

The main results of Nicoll's investigation may be swmarized as
followss

a. The recovery factory is essentially constant within the
cavity and downstresm of reattachment, and it is approxi-
mately equal to the value for laminar attached flow.

b. The local heat transfer coefficient is low on the cavity
floor, about 10 to 20 per cent of the attached value.

¢. The local heat transfer coefficient is high (several times
the attached value) in the vicinity of reattachment.

d. The region of influence of significant flow disturbance due
to the presenece of a cavity extends about one cavity length
downstream of reattachment.

Figure 21 shows an example of & typicel result of the study. The mesn-
ing of statements b, c, and 4 is apparent. It is important to note

that althiough the reduction in heat transfer rate in the cavity averaged
about 45% of the atitached velue, it was reduced to about 20% when the in-
tegration included at least one cavity length downstream. Also consider-
ed in the experiment was the effect of reattachment point geometry.
Changing tre shape (rounding the edge of the shoulder at reattachment)
vas found to have liitle effect on the charzcteristics of an open cavity
laminar fiow. Results of ihe tests were compared with the results of
Chapman's theoretical analysis.6l The integrated heat-transfer rate for
4 laminar cavity flow gave good agreement with experiment at lcnost for
short, decep cavities with thin boundeary layers at separation.

"
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6.1.5 Centolanzi's Investigation

R. J. Centolanzi has recently published the results of a wind tunnel
study in reference 6i. The sketch below {figure 22) illustrates a
typical configuration investigated.

CENTOLANZI 'S INVESTIGATION
FIGURE 22

As has been seen in paragraph 6.1.1, Chapman's theory62 predicts that
for a negligitle boundary layer thickness at the separation point, the
integrated average heat transfer rate to an open cavity with a laminar
mixing layer would be reduced by approximstely a factor of two. Since
{t would seem logical that by modifying a ncse cone as shown in the
eketch, one could capitalize upon this phenomenon, a study of this pos-
8ibility was initiated by Ames Research Center, reference 64. There

were two major results:

a. The data show that lowering the wall temperatures moves the
transition point upstream, indicating that wall cooling may
have a éestabilizing influence on the flow. This is opposite
to the effect of wall temperature con an attached boundary

layer.
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b. It was found that the heat transfer rate in the forward
portion of the separated region was indeed below the at-
tached value for the standard cone-sphere for all con-
figurations. This was followed by a rise to & maximum
in the reattachment region which was several times that

for the standard sphere-cone.

Contrary to Chapman's theory, the total heat transferred was found
to be in excess of that obtained fo. attached flcw. This discrep-
ancy was attributed to the geometry of the model being such that
the flow reattached within the cavity. The author of reference 64
argued that better agreement would have been obtained if the limits
£ integration in .the theory were altered to cover only that portion
of the surface actually immersed in & separated flow instead of over
the whole cavity. Unfortunately, this could not be done because the
location of reattachment was not known. It ie &lso evident that the
region near reattachment has a larger surface area than further up-
stream due to the “"conical" shape; hence, & high heating rate in
this region would have a large effect on the total heat transferred.

6.1.6 Surface Distortions
The concept of a single cavity may be extended to include multiple
ad jacent cavities, or surface distortions. Two recent investiga-

65,66
tions % have been performed to determine the perturbations to the

local heat transfer coefficient arising from such geometries.

6.1.6.1 AEDC Investigation
A vind tunnel program has been completed at the Arnold Engineering

Development Center where the wall surface was distorted by placing
spanvigse hemi-cylinders normal to the oncoming flow on a flat plate
at zero angle of attack. Another configuration was formed by & sine
vave variation of the surface. Both sharp and dlunt flst plate lead-
ing edges were tested. Selected resulis of this progrem are present-
ed in reference €5.

n
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6.1.6.2 NASA Investigation

A similar invecstigation was performed at the Langley Research Center
(reference 66). The models consisted of flat plates with various
wvall distortions inserted, the tests were run for laminar boundary
layers only. The particular wall distortion of interest in this por-
tion of the report is the sinusoidal cavity shown in figure 23. The
curve in this figure shows the following results:

a: The maximum heat transfer coefficient, i.e. that at the re-
attachment point; is independent of Mach number within the
limit of the scatter.

b. The maximum heat transfer ccef€icient decreases with increas-
ing boundary layer thickness {the laminar displacement thick-
ness Bg is proportional to the boundary layer thickness).

Both of these dependencies lend credence to Chapman's model, since:
a. His results were independent of Mach number.

b. If the maximum heat transfer coefficient decreases with in-
creasing mixing layer thickness (mixing layer thickness is
proportional to boundary layer thickness, hence, is propor-
tional to displacement thickness), it seems logical thet the
transfer properties of the mixing layer are controlling the
heat transmission.

6.1.7 Summary of Results on Cavities
In light of the foregoing, the following statements msay be mede con-
cerning the heat transfer to & cavity:

a. If there is zero or negligible boundary layer development
prior to the separation point, then the heat transfer co-
efficient in the separated region will be lower than the

T e st St i s s
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attached value end can be predicted using Chapman's theoret-
ical model. However, care must be exercised when attempting
to obtain the average and/or total heat transfer to the cav-
ity wall to insure that the high heat transfer retes at the

reattachment yroint and some distance downstream are adequate-

ly accounted for.

b. If s boundary layer does exist at the separation point, then
the state of flow becomes critical in determining the heat
transfer:

(1) If the flow is laminar throughout the separsted
length, heat trensfer will be controlled by the
transf:r properties within the nixing layer. fThis

will result in an inverse dependence of heat transe-

fer coefficient on oncoming bouniary layer thickness.

{Z) If the flow is turbulent throughout the separated
length, the heat transfer will be controlled by the
mass exchange between the internsl end externnl re-
gions. This will result In the heat transfer cc-
efficient being directly dependent on the oncoming
boundery layer thickness.

6.2 Tvo-Dimenslonal Compression Carner

D. S. Miller, et a1, in reference 48, have presecnted some of the re-
sults of a high Mach number heat transfer investigntion conducted In
the Boeing Hot-Shot Facility. The data they presented were for n two-
dimensional compression corner with laminar separation taking plnace.
Figure 24 is taken from this reference. The pressure distiribuilon !a

shown for comparison purposes.

Both curves follow the undisturbed flow variation up to the beginning
of interaction. At this point (wherc the pressure gradicnt is flist

11
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observed by the flow), there is a slight rise in Stanton number, this
rise possibly being due, eccording to Miller, to the foermetion of e
spanwise vortex at the separation point, similar to the vortex found
at sepsration by Charwat.39’h0 Immecdiately after this slight rise,
the Stanton number drops tc sbout C.450 of the attached velue in the
region signified by the plateau pressure. The Stanton numter then
rises through reattachment, this rise appearing to correlste well
with the pressure increase, i.e., the maximum heat transfer coeffi-
cient occurring at peak pressure. lote that this maximur value of
Stanton number is higher than that messured near %‘he leadirng edge of
the fla% plate (it ie not clear from the reference why two curves are
shown for the heat transfer distribution). There appears to be goed
sgreement between the experimental rise in heat transfer coefficient
and the calculerted curve cobiained using the method of Bertram gnd
Feller from reference 7. This method is appliceble to those prob-
Jers vhere pressure varies as the length raised to some positive or
negative power, and consists of correcting the heat transter coeffi-

cient for both the gradient ané thz locel value of the pressure.

6.3 Axisymmetric Compressi.n Corier

NASA has sponsored two experimental progrems invesiigating the pres-
sure end heat iransfer distributions along the wall of an axisymmetric
compression corner. The two programs Giffered in Mach number but had

sinilar model shapes and unit Reynolds numoer.

%.3.1 Becker end Korycinski

Becker and Korycinsks haw: presented the results of a wind tunnel pro-
gram in rcference €8. The molels were basic omive-cylinder with elther
a 10° er 30o flared skirt.. Tlie nose was A vorn Xermaz minimum drag
shape of fineness ratic 5 with a 100 helf-uangle cone at the tip. The
cylindrical section was elsu 5 Aiemeters iong. The data facludes all
three vegimes; i.e., laninar, turbulent, end transitional. Typicsl
results of the study are shown in figures 25, 26, and 27,
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For comparison purposes, theoreticel calculations using the method of
van Driest 9 and pressures corrected toe account for the presence

of flow separation. The pressures used are defined as follows:

a, Pl is the pressure on the cylinder as computed by charsc-

teristics theory.

b. P, is the estimated plateeu pressure that exists for the
laminar ct .e and for the transitional cese when transiticn

is near reattachmen..

c. P3 is 'the inviscid two-dimensionezl (wedge) pressure at. the
fiere body Juncture ceslculated by starting vith Pl ot the
cylinder.

]

4. P3 was calculated by starting with the plateau pressure PQ

and teking the flow deflection at reattachment as the flare

body angle minus the inclination engle of the "wedge" form-
ed by the separated region. In this case, the measured sep-
aretion 'wadge” angles were 3% for 1+ 10° flare and To for

-

ihe 30o flare.

In calculating the heat transfer distribution on the cylinder, it
was assumed that the boundary layer started at{ the nose. The head
transfer distribution celculaied for the flare utilizes the reattinch-

ment point as the origin of the boundary layer.

6.3.1.1 Laminar Cesec

Figure 25 presents the dsta gethered for the laminar case. As can

be seen, the experiwrnial points Tcllow the theoretical curve down
to the beginning of the interaction of the boundary layer wiih the
pressure gradient. Immediately downstreem of this point, the experi-

mental values of the parameter St'{hD drop 1o asbou! one-half o the

attached value, then increases through reattachment to about 1/4 o

the nose value.




3
§ -t

At the beginning of the flow interaction with the pressure gredient,
the NASA's theoretical predictions {dashed curve without X's) fndi-
cate an increace in the heat transfer due to the increase in pres-

sure to the plateau veiue. OF course, this calculation is invalid

69

since it is bas=d on ven Driest ~ attached flow theory while in ac-

tuality, this is the separated region; thus, the discrepancy betiween

experimental and theoretical values. AY{ reattachment, the theoreti-
)
¢al curve is based on P, and the origin of the running length for the

3
leminar van Driest69 theory is taken at the reattachment point. This

results in tie curve labeled "laminar P;" in figure 25 and, as can be

seen, the theoretical and experimental values appear to approach one
another.

6.3.1.2 Transitional Case
Again, the experimental heat transfer distribution follows the theo-

retical curve until the interaction point, as illustrated in figure
26. At this locetion, there is a slight hump in the heat transfer
distribution, then the experimentsl values of St\[§; drop below the
attached value at the separetion points, although not quite to half
of it. This condition exists until transition takes place, where
there is a rise, this rise becoming steeper until reattechment is
accomplished where the heat transfer parameter is about 3.5 times
that at the nose. (Note that the flare angle in this case is 300.)
Compariéon with the pressure distribution shows good zgreement at the
separation point. However, the pressure data do not indicate the
abrupt rise characteristic of trensition and do not extend all the

way to reattachment.

Similar theoretical calculations were for the transitionsl case.

Again in the sepsrated region, the theory ("laminar ?2" in the figure)
based on the incressed plateau pressurzs yialds an increase instead of

8 decrease in ihe heat transfer cosfficient. At the transition point,
the theory is shifted from leminar to turbulent,still using P, since

there is no evidence of a pressure {ntrease due to transition. This
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curve crosses ibe experimental points as they rise through reattach-
ment, but only predicts a value for the heat transfer coefficient of
about 0.10, tne finel value at reattachinent. The theoretical value
at the reattachment point based on Pé
cept that it is decreasing with running length much faster then the

data. Thus, this method could lead to over-optimistic predictions st

appears to sgree quite well ex-

points downstream of reattachment.

6.3.1.3 Turbulent Case
Figure 27 is for a completely turbulent mixing layer and may be Gi-

rectly compared to the laminar flow situation, since all conditions
are the same except *he Reynolds number. The ezperimental data sare
not complete prior tc separation; however, the previous figures in-
dicate that there should be good egreement between theory and exper-
iment in this region. The value for Styfﬁg begins to increase st

the beginning of transition; however, it is not & step rise because
transition from laminar to turbulent flow is asccomplished over a fi-
nite distance. This rise continues through reattachment tc a value

equal to that at the nose, this maximum occurring at maximum pressure.

The calculated heat transfer distribution uses laminar flow theory up
to the point where the beginning of transition was detected. Down-
stream of this point, turbulent flow theory was used. The theoreti-
cal attached flow pressure distribution on the cylinder was used up
t0 the cylinder-flare junction because the separated region was too
small to cause &ny gross distortions of the pressure distribution.
Rowzver, the last experimental pressure point on the cylinder is high-
er than the attached value, indicating that a pressure gradient does
indeed exist. In any case, the heat iransfer parameter in the transi-
tional regime approsches the turbvulent theory as transition tends to-
werd completion. Since the separated region is small, the position of
reattachment was not discernable; therefore, the origin of the running
length was taken at the flare-cylinder Jjunction. In this cese, the
theory and experimental points eppear in falrly good sgreement,

v e b e 0
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converging to th2 same value downstream of reattachment. The theory
used for the flare in this case was based on the attached flow wedge

pressure since the flow separation "wedge" angle could not be defined.

€.3.2 Ferguson and Schaefer
70

Ferguson r. 1 Schaefer = have presented the results of en investigation
very similar to the preceding one, the main differences being the test
Mach number and that a cone-cylinder instead of the ogive-cylinder was
used. Also, only the pure laminar and transitionsl cases were

investigated.

Figures 28 and 29 are from this reference and, as can be seen; there

i8 no decreasz in heat transfer within the separated region for either
case. A possible explanation for this in the transitional case is
that transition occurred very near the separation point, thus pro-
ducing a much more energetic separated region. The reason no decrease
spreared in the laminar cese is not apperent. The pressure coefficient
on the cylinder is zero in figure 28 because of a fault in the experi-

mental apparatus.

In both figures, theoretical calculations are shown. The solid curves
are Douglas calculations by the theory of reference 69, and the dotted
and dot-dashed curves are NASA calculations using the theory of refer-

ences Tl end T2.

&9

on the cylinder up tc tne Junction. On tne flare, the

In figure 28, the laminar van Dries

of Reshotko71

NASA calculations teke into eccount the pressure gradient; honce, they

theory compares well witn that

show an increase in heat transfer rcnefficient with ruaning length,
vhereas the constant pressure 7an Driest calculations show a decrease.
In both ceses, the running length is taken from the ncse. It is inter-
esting to note the temperature labels on the two NASA leminar curves.
The present authors feel that there has veen a misprint and that the
labels should be reversed since the Stanton number decreases with in-
creasing wall temperature (see reference 69, figure 6).
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In figare 28, downstream of separetion the laminar theory arpears to
he igvelid and the turbulent theory baseé on the nise as the running
lengtk ovigin (solid lines) predicts a value low by about 4O per
cent. The turtulent theory calculations with runnir- lengtk from
the cylindsr-flare junction appear to give beilcr sgreement with the
data.

Similar comments apply to figure 29.

©.3.3 SPummary o fesults on Axisymmetric Comrression Corners

Vhena the $lov is turbulant &t rezompression, applying runniag leagth
nodificetions 0 turbulent theory appesrs to predist mexicun values
(-24 S*.FR; that are closa to the experimentsl aata as showe i fig-
wves 27, 20, and 29. Additiznal Zata {ran these two references (68
avd 70} verily this sbservesion. Also, while {t is readily discern~
1ble ram these datu thst for turbuleni flow, the maximur value of
st \.r:;n increases 1th incressing flere angle, it is not evident how
oria hient transfer paremeter varies with Mech and Reynolds number at
3 glven defleaticy augle, Uitn this latier fact in mind, the present
svibooe sonetructad figure 3G by plotting the maximus exXperimentald
vglues of EStanten ruabxr at redtiachment, divided by tne theorctical
jging of the Stonton wmter <hat would esist at that point according
30 %he Tkosvy of refarence 69, versus the saximum erparimertsl value
of the ~vrreil gmvssice 1ise fraw separati‘m through reali.:chment,
This figura iz (U Yo vcasiGered merely repreernieilve since there
sge ondy & fetr datu pointo. ¥t deem Ldisete, honver, 1hr' s the
mayimm porrsyre ricy (utrszses the depariure of tue Stantey nurbar
21 the theorztical valve irncreages.

"Ope can gvmEnerize 29 follows?

a. For lamfagr flow, the St\?'ﬁ; {acrcesss crer the theorsti-
cr)l attached rlizw vilue at reattachment can be significant,
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b.

however, further date &e required to define the Reynolds
and Mach number dependence of this paraneter.

For turbulent and transitional flow, the St\/ﬁL increase
over the theo-etical attached flow value at reattachment

is significant. Also, the maximum value of St\fﬁs appears
to correlate with the maximum overall pressure rise; how-
ever, further date are needed to better define the Reynolds
and Mach number effects.

Use of atteched flow theory and a foreshortened running
length does not. adequately describe reattachment heating

for laminar flow. Turbulent flow data give better agree-
pent with this modified theory. This poor correlation may
be attributed to the lack of knowledge of the boundary lay-
er thickness at reattachment. It would appear that for
laminar flow ‘he boundary layer is thinner, but definitely
not zero since the rise in Styfﬁg is slow and there t{s no
sharp peak., In the turbulent case, this thinning is much
more pronounced as evidenced by the sharper rise and high-
er pesk value of the Sty/Ry in figures 26, 27, and 8.

For the present, it appears that for laminar flow using

the rcattachment point as the running length origin will
give conservative results. For turbulent flow over moderate
flare angles (S 20°) the cylinder-flare junction may be uscd
for tre running length origin, vhile for larger flare angles
the reattachment point should be used.

6.4 Shock Wave Impingement

Of the two types of impinging shock waves noted in Section b.4,2, only

ihe oblique type will be considered in detail. The swept planar shock

interaction hLrs not been investigated extensively; therefore, the

treatment shall not be in great depth. Discussions are limited to

tursulent bormdary layers aince only data for thia regime are available,

28
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6.4.1 Oblique Shock Impingement

There have becn two extensive progrems for the investigation of the

Leat transfer in a separated region generated by the impingement of
an oblique shock on a turbulent boundary layer, one by Douglas Air-
craft Ccupany and cne by North American Aviation.

6.4.1.1 Douglas Study
The results of an Alr PForce funded investigation by the Douglas Ad-
vanced Missile Technology Department are reported in references L5,

73, and 7%. The impinging oblique shock wuves were produced by
wedges of various half-angles, and hence were two-dimensional;
however, the boundery layer generators considered were both two-
dirensional and axisymmetric. By varying chamber conditions and
wedge angle, a wide range of shock strengths, Reynclds number and

Msch umber were sttained.

6.4.1.2.1 Impingement on a Flet Plate
Fizure 31, vhich is from reference 73, shows some of the pressure

end heat transfer deta gathered using a flat plate as the boundary
lJayer generator. As can be seen, the pressure distribution exhibites
a very definite inflection point; in fact, it is almost a plateau.
This is not unexpected since the shock strength is high, thus giving
& large sevareted region; at lower shock strengths this plateau de-
g=eneretes to an inflection point. The heat transfer coefficient in-
creases fran the undisturbed value to s higher value in the separsted
regicn vwhere it appears to remain constant. Further downstream, ihe
heat transfer ccefficient increases to a maximum value at reattachment,
then begina to drop back to the local zero pressure gradient value.
¥ote that tke maximum value of the heat transfer coefficient is about
4.5 times the attached zero-pressure gradient value prior to the
interaction.

The distribution of the ratio of recovery temperature to total tem-
perature is plotted in figure 32, The variance of this ratio can be

&9
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due ornly to a varifation irn recovery temperature since totel tamperes-
ture i{s a constaut. As can be seen, this Tigure indicates a recovery
temperature about 3% higher than the Ven Driest value in the resttsch-
went region.

6.4.1.1.2 TImpingement on & Cylinder

Figure 33, from reference Th, presenis some of the date gathered with
an sxisymmetric boundary layer generator. These data were obtained

at nearly identicel conditions as those above, the only difference be-
ing a slightly higher stagration temperature.

Comparison of figure 33 with that for a flat plate (figure 31) reveals
that the cverall prescure rise is greater in the latier case. This is
reasoneble since z Tavorable pressure gradient exists around the cylin-
der from the shock impingement point; thus the fluid may escape the
pressure rise across the impinging shock by flowing erocund the body in
8 cross-flow pattern. This reasoning slso explains why there is cnly
incipient separation on the cylinder (as indicated by the very slight
changes in curve sloje)as Indicated while a rather large region of
separated flow exists on ithe flat piata. The other dsta from these
references siso indicate that when Loth types of boundary layers are
subjected to the same overall presswre rise, under the same tree stream

condi¢ions, the separated region for the axisymmetrin case {3 always

~much less extensive then that for the two-dimencioral case.

The reat transier coefffc!ant distribution follows the pressme curve
as {t does with the fl.<{ plate. A change Iin slope apinars to uceur
at spproximately the same location es thai in the pressure distribu-
%icn. Downstream of this slope chenge, the heat transfer coeffinient
inercases o e maxi{mum of betweep 3 and 3.5 times the undisturbed

value, thern decreases to the local zero pressure gradient valuc.

The rccovery temperature shows similar characteristiss osaly not go
pronounced as for the flat plate boundary layer gererator.
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6.4.1.2 North Americen Avietion Study

Reference 75 presents the results of & Navy funded study performed
by North American Aviation. The model consisted of a two-dimen-
sicnal shock impinging upon & flat plate. A row of orifices was
placed neer tne leading edge of the plate leading to & plenum cham-
ber in vhich air was stored, This air could be injected into the
boundary layer to thicken it and/or %o initiate transition.

The date from this reference show similar quaiitative characteris-
tics for both the pressure and heat transfer distribution; the same
trend of correlation between pressure and heat transfer also is evi-
dent. The increase in recovery temperature in the reattachment e~

gion was found to be similar.

6.4.1.3 Correlation of Pressure and Heat Trensfer

Sayano has presented in reference 45 a compilation of the dsta re«
ported in references 73 and Th. In one of the figures he plots
meximm rise in heat transfer coefficient against the maximum rise
in pressure. This figure is reproduced in this report as figure 3&,
with additional data from reference 75. As can be seen, there
appesrs to exist a definite coirrelation between the rise in hesat

transfer ccefficient and the rise in pressure, from which the follow-

ing relation was determired:

hmax - /pmsm“)ﬁz
By \%

vhere ho and p, are the heat transfer coefiicient &nd the pressure

exieting Just prior to the shock wave interaction, respectively, and

Q 1o the slupe of the curve which mey or way not increase with ine

creasing boundary layer thickness. Combining this with a correlation

between the measured maximum pressure rise and the theoretical pres-

sure rise across the incident shock gives en expression o»f the maximum
heet transfer coefficient as a function of theoretical pressure rise

e v s dronms e S

st

L e XX <ndl sesad

A & A& A A a ma an &



o

oz

0.»

Qhu\.ﬂr:v.«zauw

152 >

SANING QTO LOSY 40 SSTAMRDIVL BTAV
IBYCGNMOR HMO2 3V SICBWAS MNade

SITHINL GE'O LNOBY 30 SSESINHDINIL WIAAYT
AUYANNOS WOA IWVY SIOVWNIAS Q=S

|

(LU LY A NO ANTIWIONICIWI

SOOHS) gL 2ONIAU2ITY

T(EETNNAD RO AINDWIDMISI
SHOOHS T oL BONRU3ATY

K BANIE AP NO ANTNIONIGNI
SADOHS) 1. BONZ2D AT

AoENOS

o1

VWAV ASTCSNOOZE LN3aTNEdans. v NO

BAUNSSR2AuAS N BstE WNNINIXIW

AL HALA

NI ISIE WOAWIXYW 30 NCILVYTI3AH™O0D

ANBNWES NIdW ! BATH HO0HS INDINVO 0
JNDIDNAA4R0OD ZJZASNTSL LvAar

FIGURE 34

95




N

s

across the incident shock gives an expressiss of the maximum hest
trensfer coeffic.ent us a function of theoretical pressure rise

(pl/po}, acrosg the {ncldent shock of the follocing form:

*.ﬁu.a_a_m)""’

o U

vhere M is the exponent from

N
Paex _ (_P_l_\
¥y \%)

From reference 45, N = 1.75 for 2< M < 4_ and 7.95 x 106< R/ <
6 ¢ X
2.56 x 10,

It shouid be emphasized that these correlations are strictly represent-
etive of a trend end should be used in any design calculations with ex-
ireme care since the exponent appears to be s function of the boundary
layer thicknwss. Further discussion of exlending the spplicabillity of
thia cvrve is contained in Section 8.

In su:xiary, both the Douglas anu North Americun investigations heve in-
dicated that shock impingement on a turbulent boundary layer can result
in excessive heating at the reattachment point. It is also evident
tﬁat the rise in heating for the axisymmatric bounasry layers is Jess
s2verethan that for a two-dimensionel boundary layer due to the exisi-
ence ol the cruss-fiow.

The meximu: heat trensfer coefficient appears to correlate well with
the theoreticsl inviscid pressure rise across the incident ghock wave;
however, further datn are needed tc accurately det'ine the effect of

btoundary layer thickness.
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8.4.2 Swept Planur Shock Impingement
In refersnee 7o, Miller, et a), report the rerilts of wn irvestigation

of the interection of a surface boundery fayer with a shock wave pro-
fuced by the leadirz elge of a fin perpendiculir to the surface. The
sutnors of this referencr do not state flov cepsration actuslly

~ eronrs. but the heat tronsfer distribution shows e significent rise as
seen in Zigure 35.

6.5 Rearward Facing Steps
There have been two recent iuvestigations of the heat transfer distri-

bution in high speed flow aft of o downstireem facing step. Ome by

S. L. Streck at Boeing Airplane Company, repurted in references 43 ard
77, and one by A. Naysmiih at the Royal Afrcraft Estabiishment (Britain},
reported in eferences 78 and Sh.

6.5.1 Boeing Study
In references 43 and 77, 5. L. Strack of Boeing reports the results of

some rather recent experimental work performed to determine the heat
transfer distribution aft of a downstream facing step. The Mach num-
bers were nominally 3.0 and 6.0, and the boundary layer was turbdbulent
prior to separation in all cases. The model wvas such that a range of
boundary layver thickness to step height ratios of 0.12 to 1.2 was pos-
gible. Figure 36 presents two curves that are representative of the
Beeing data, differing only in Mach n'mber; i.e.,the ratios of boundary
layer thickness to step height and the free stream unit Reynolds number
gre nexrly the same. %he ratio of the experimentally determined heat
transfer coeffivients under separated flow conditions to those deter-
mined for a f2at plate are shown as a function of axtiml distsnce mess-
wrad in step helghts. As can bde seen, {his tvo myres &1ffer quite
significuntly. From the Mach 3 data, tucwre =ppears to be sbout & JC psr cent
incresse in the heat trassfer in the reattaci:mnt region. This per-
centege increasc decreases with increasing t:undary layer thickness

to step height ratio. From the Mach O data, while there appears to be
a peek ir the hest transfer distribution; this peak hes a maximum value
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that is Zess than the value that would exist at that aane poin:t on e
flat plat>. Thig peak is foliowed by @ dip in the curve and a subse-
quent increuse that eppesrs tc awproach tte flat plratc ~weive. The
ghape of theec distributions and the fact vhut the (Ist glate value
of heat transfer coeffinient was novwhere exczeded for Mach number
equal to 6 wius evident in all the data.

from the Mach 3 data {t apprarsd ‘het the maximum hest iransfer occur-
red éonsiderably downstrean 4f the impingemunt point of the dividing
streamline. The impingemert point was determined by using standerd
01l Flow technigues. However, the location of saximmz heat transfer
war found 10 cccur upstream of the poizt where the pressure hed re-
covered its flat plate value. This latter irend ves evident from the
Mach 6 dats also.

6.3.2 Nayemiih's sork

Faysmith hes reported some experimentsl Arta In references G4 gmd T3
on ihe hesat tranefer distridution aft or & dovnstreem facing step for
betl: & two-dimensional and x5 exisyrmetric body. The two-dimensional
medel censisted of a wedge ylaced on top of a flat plste, and the uxi-
symmetric model consisted of & cone-cylinder vith the base diameter cf
the cone exceeding ths diameter of th2 cylimder The boundary layer
wazs turbulent for the two-dimensional model and laminar for the axi-
symmetric model.

Figure 37 presents the data resulting from the sbove experimentsal in-
vestigation for both configurations along with some free-flight data
reporied in reference 79 obtained on a model very similar to Raysmith's
axisymmetric model. However, these Tree-flight detz were obtained with 8
turbuient boundary layer prior to sejparation, whereae the dats from
Naysmith for this configuration sere for a laminar boundary laysr up-

stream of ‘he gevaration point.-

The data indicate for a iwminar boundary layer upstream of the sepsre-
tion poirt there is & drop in heat transfer coefficient behind the steyp
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then a rise to a peak value of about 3 times the heat transfer coeffi-
cient at the cone shoulder (separation point). This peak is followed
by a subsequent drop that appears to approach a value of about £ times
the value of heat transfer coefficient at the cone-shoulder. The reca-
son for this rather high value of heat transfer coefficient downstreanm
of reattachment was that transition occurred after separation (this may
also be the reason for the rather high value of the ratio of h/ho at

reattachment).

For a turbulent boundary layer there is no evident peak in the dats,
vhich was probably due primarily to the heat transfer instrumentation
being too widely spaced to pick up the peak. The data for both models
aprear to agree quite well. Note should be taken, however, thsat the
data are ncrmelized by the heat transfer coefficient that existed at
the cone or remp shoulder. This value is much higher than the flat
plate value that would exist along the plate. Thus, the fect that
downstream of reattachment the ratio of heat transfer coefficients is
less than 1 does not necessarily indicate a low heat transfer coeffi-
cient. In other sords, the heat transfer downstream of resttachment

may still be greater than an equivalent flat plate value.

6.6 Sumary of Results on Heat Transfer

&. The heat transfer mechanism may be strongly dependent upon
the state of flow:

(1) For laminar separation, the transfer properties of
the mixing layer appear to control the heat trans-
fer to the wall.

(2) For turbulent flovs, the continual flushing of the
wall with new fluid from the externsl flow may con-
trol the heating.

(3) For transitional flows, no conclusions can be drawn

due to lack of data; however, the location of
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transition relative to the separation and reattach-
ment points will probably determine which of the a-
bove mechanisms would predominate along with the
degree of flow sieadiness.

b. From the sbcve, it is logical to state that the distridution
of heat trensfer will also depend upon the flow regime

encountered:

(1)

(2)

(3)

For leminar flow, there is sometimes a rise in hesat
transfer at the sepsration point due to the existence
of a separation vortex. Downstream of this lecation
the heat transfer will generally drop to about 1/2 of
the equivalent attached value; however, if the sepa-
rated region is smell, this drop may not be severe, and
in fact may not occur at all. Aft of this minimum,
the heating increases throughout reattachment to a
value greater than the laminar attached flow value.

Transitional flows do not exhitit so prouncunces a
minimum and may, if transition is close to the sepsra-
tion point, exhibit no drop in heat transfer within
the separated region. At the transition point, the
heat transfer begins to increase and continues to do
s0 throughout the reattachment region reaching a maxi-
mm value which may be greater than either the laminar
or turbulent sttached flow values.

Turbulent flows generally exhibit no drop in heat
transfer due to the energetic separated fluid and
small extent of the region. The rise throughout re-
sttachment region is rapid and the maximum heat trans-
fer is of the same order of magnitude as that near the
leading cdge or stagnation pcint.
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The hest transter distribution appears to be dependent upon
the oncoming poundary fayer thickness:

(1) For laminar separation, the local heeting would de-
crease with ircreasing mixing lsyer thickness (pro-
portional to Loundary layer thickness) if 6.6.a.1
is ccrrezt: however, the aate do not indicate thet

tuis dependence exists.,

(2) The data definitely indicate that tre local heat-
ing for turbulent sepuration increasses with increas-
ing mixing layer thickness if the mass exchange gov-

erns the transfer of energy from the free stream.

(3) For transitionsl separations, no remarks can be
wmade.

The above statement (2} mey also be applied to the average and
total heating rates. The turbulent dats dgfinitely show a di-
rect deperdence upon mixing leyer thickness, Qhereas, the
laminar data show no dependence:

The data indicate, at lesst for cuviiies, that the total heat
transfer from a luminax mixing loyer {s about one-helf of the
attachied value. The value for turbulent mixing lsyers msy or
may not be less than tne ot’ached value, decpending upon the on-

coming boundsry lay=sr tricknass.

It 1s felt thatl three-dimengivanl geometri»s will generally
suffer less severe heating at r2attactimen. 1f the pneajoilit~
of a cross-flow existe “c relieve the high vroscsore at

reattachment.

The recovery temperature may increase witrin the sepsreted re-
gion; however, more Geta arenecded to verify this observition.
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The use of a modified pressure &nd a foreshortened running
length with attached flow theory for calculating the heat-
ing rate at reattachment can leed to the following errors
unleés extreme caution is exercised:

(1) grossly conscrvative results for laminar separation,

{2) optimistic or conservative resulis for turbulent
separation; and

(3) erronecus distributions downstiresm of reattachment
that can give either optimistic or conservative
estimates.,

Therc appeers to be & correlation between the maximum pressure
rise and the maximus rise in heat trensfer coefficient for axi-
symetric compression corners and incident shock waves when the
flow is turbulent.

More analytical and experimentel work is needed to determine
the natures of the separated flow, boundary leyer downstresm
st reattachment, and of the mixing layer.
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CONCLUDING REMARKS
The problems associsted with flow separation in high speed flight
are qualitetively vnderstocod. On the other hand cur quantitstive

knowledge of the subject, both analytical and experimental, is de-
ficient due mainly to its lack of generality. “The purpose of this
section is to synthesize the information in the preceding sections
and to point ocut. areas where further knowledge is needed.

T.1 Veriables Des:ribing the Problem
Separated flows arc appropriately classifled eccording to the state

of flow, L.e., whether the fiow in the separated reglon'is complete~

1y laminar, completely turbulert, or whether the flow undergoes
trausition betweer separation and reattachment. The main variables
governing the nature of the flow are free stream properties such as
preseure, temperature, density, viscosity and velocity end also the
geometry and thermal nature of the surface being considered. Once
these factors are stipulated, the behevior of the flow can be de-
scribed by three variables; namely, Reynolds number, Mech number,
and fluid to wall temperatufe ratio. The above lactors may be con-
sidered the pertinent independent variebles for ihe problem of sep-

arated flow.

The information required when considering the problem of flow sepa-

ration in vehicle design is:
8. vwhen and vhere flow separation will occur,
b. what the extant and shape of the separated region will be,

c. what the pressure and heat transfer distributions through-
out the separated and reattachment region will be, and

d. whether or not the flow in the separated region will be
steady, and if not, what is the nature of the unsteadiness.

107



These latter (~nts dictate the devendent varisbles which must be

considerea. #r¢ dependarti variebles zre not only functions of the

independeit »avisbles but, @s in mast real processes, they are also

interrelutad, Jouwe f the more pertinent dependencies are:

a.

Separaticn Sefnotry

The extent of the separated region is of substantial de-
siva importznee. The guantities of primary interest are
the sevaration and reattachment points and the slope of
the ¢ividiag str<emline. These quantities may be directly
determrined experirentaily by measurement of the skin fric-
tion; Prom opiicsl measurements, or from the ypreszure dis-
tribution. ‘nalrytically, the separation point and extent
of separation ere deperndent primarily upon the magnitude
of the pressure rise causing separetion, geometry of the
body, state of the flow, wall to free stremm temperature

ratie, and Peynolds and Mach numbers prior to cepsration.

Pressure Distribution

The pressure dist-ibution is a function of essentially the
sere veriahbles listed above for separation geometry; hence,
it is ‘lainly 2 dependeat variable. I known, however, the
pre<sure dist-ibution is very useful as a depsndent variable.,
This has proved tc be a guite power’ul 'ool in separsted flow
analysis since the pressure distritution is probably the most
simple experimental measurement to muke. A xnowledge of ihe
pressure distrioution itself movides & gocd desceription of
the extent end shape of the seputstad regiam. It 3y also be
used to predict reatiachment hesting rsies through correlation
erjteria. Similar zchrmes can probably be used to predict
skin friction elso. Ovvicusly, the pressure distrivution is
of utmcsi Zmporisice in ascertaining any pertubatious to the
lcad distiribulien ar drag characteristics caused by Tlow
separation.




c.

d.

Heat Transfer Distribution

In order to 2unduct a detailed design analysis, the local
heat trensfer coefficient, recovery factor, and initial
vall temperature distribution must be known. Certein stud-
ies have shown the recovery factor to be relatively con-

stant throughout the separated region and approximately
equal to the attached flow value. Since the i{nitisl wall
temperature distribution 1s known beforehand, the local
heat transfer coefficlent is the main unknown to be deter-
mined in order to complete the zelculation of the heat
transfer rate. The major flow parameters influencing the
local heat transfer coefficient throughout separation and
reattachment are the boundary layer thickness prior to and
at separation, the rate of growth of the mixing layer, the
mass exchange between the separsation cavity and the exter-
nal flow, and the woundery layer thickness at reattachment
ard during redevelopment after reattachment. A knowledge
of these parameters appears to be of fundamental importance
in esteblishing an esccurate analytical model for heat trans-
fer in separated and reattaching flows.

Steadiness of the Flow

One of the properties of separated flows vhose eignificance
18 often overlooked is flow steadiness. The stebility of
the free shear layer is inherently connected with the state
of the flow and extent of separation along with many other
flow parameters such as Reynolds nurher, Mach number, and
stream to wall temperature ratio. Of primery importence for
design purposes are the magnitude and frequence of the pres-
sure fluctuations within the eeparated region,.the variation
of the extent of separation due to the fluctuations, and the
detailed behavior of the fluid in the viscous flow region so
that shear and heat transfer trends may be predicted.

The problem of separated flow is thus defined.
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7.2 8Solution of the Problem

There are two approaches for solution to any engineering problem;

namely, snalyticel and experimental. In many cases, a direct an-
alytical solutlon is sufficient due elther to the simplicity and/
or lack of significence of the problem. Unfortunately, viscous
flow separation is an extremely complex problenm in fluid motion
and its effects cannot be indiscriminately ignored. To date, no
enalytical model has been developed which lends itself to an en-
tirely satistactoirry solution. On the other hand the szope of the
problem 18 so vast that a complete experimental description of
the problem is not practicel. Well balanced analytical-cxperimen-
tal approaches appesr most rewarding, although recently purely
theoretical advances have mede some galn {n the aree of laminar

separated flows,

7.3 Present Stutus of the Problem

Acditionel work is needed in all areas of investigation of scpurated
flows, particularly in the higher (hypersonie) speed range. Some
areas which yet warraent speciasl attention follow:

a. Analyticel
(1) Most of the more sophisticated anslytical approaches
are centered around the use of the boundary layer equa-
tions. However, it is known that strictly spesking,
several of the boundary layer assumptions may be vio-
lated by the occurrence of separation. The importance
of thesec violations should be definitely established.

(2) The better theoretical and semi-empirical analytical
methods should be generslized to include the heat
transfer, real gas cffects, and hypersonic Interaction

phencmena.
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(3} An analytiza® eriterlon for the stability o: ithe sere-
rated sbear layer Should be established and tested to
assist in the detenaination of vehicle dynamics.

b, BExperimentsl
{1) Acditionsl experimental research for pressure and heat
{vansfer disxtributions 1s needed (espceislly $n higher
Mach nuzmber ranges, MD i) for most geomei=iec and for
both laminar and tu-bulent flow.

(2) A detailed knowledge of the behavior cf the fiow in the
free shear layer, visccus separation region, and re-
attachment zone is needed not cnly to have & be{iar
qualitative understanding of separated flow, but elso
to provide correlation parameters for semi-empiricel
analytical efforts.

(3) Additional stability data are required, primarily infor-
mation vwhich establishes the conditions under which cg-
cillations will occur and the nature of the resultant
oscillations. A detailed understanding of the inter
relation of the parameters giving rise to instability
is also needed.

{§) "he importance of three-dimensional effects, especislly
those which occur on supposedly two-dimensionsl geomae
tries and vhich would not be accounted far in & iwo-
di{mensioral analysis, should be determined, -

The foregoing comments point. out only a few (those Telt to be most ime
portant) aspects of separated flovs requiring detailed attention. Ohe
viously, a greet deal of worz is yet required tc provide the design
engineer with zufficient tnols {0 handle the general problen.

-ih
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